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. Reversed in Part, Vacated in Part, and Remanded. 

CASE SUMMARY 

PROCEDURAL POSTURE: Plaintiff appealed an 
order of United States District Court for the Southern 
District of Ohio that granted partial summary judgment 
in favor of defendant, in an action alleging patent 
infringement for the use of a plastic bottle bottom. 

OVERVIEW: Plaintiff filed suit alleging patent 
infringement for defendant's use of a plastic bottle 
bottom structure. Plaintiff appealed the trial court's order 
of partial summary judgment for defendant. The court 
reversed and remanded. The court held summary 
judgment was not proper in light of 35 US,CS § 103, 
which required analysis of not whether the differences in 
the structure were simple enhancements, but whether it 
would have been obvious to make the claimed structure. 
The court found that there existed material issues of 
disputed facts, which precluded summary judgment, on 
the production of hollow ribs using a blow molding 
process. The court also held that the trial court enred in 
determining that the patented bottle was on sale more 
than one year prior to application for patent, thereby 
barring patent entitlement. The court held that a product 



is not considered on sale until the availability of the 
product to the public. 

OUTCOME: The court reversed an order granting 
defendant partial summary judgment and remanded 
because the trial court failed to determine whether it 
would have been obvious to make the claimed structure, 
and erred in determining that the patented bottle was on 
sale even though it was not available to the public. 

CORE CONCEPTS 

Civil Procedure : Summary Judgment or Summary 
Adjudication : Summary Judgment Standard 
An issue may be decided on motion for summary 
judgment when there is no genuine issue of material fact, 
and the movant is entitled to judgment as a matter of law. 

Civil Procedure : Summary Judgment or Summary 
Adjudication : Summary Judgment Standard 
The movant's burden in a summary judgment motion is 
to show that no fact material to the issue is in dispute, 
that even if all material factual- inferences are drawn in 
favor of the non-movant the movant is entitled to 
judgment as a matter of law. 

Patent Law : Infringement : Summary Judgment 
Summary judgment is as available in patent cases as in 
other areas of litigation. 

Patent Law : Novelty iSc Anticipation 
See JJC/.5.C5. ^ 702(a). 

Patent Law : Novelty^ & Anticipation 
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Anticipation under 35 U.S.C.S. § 102(a) requires that the 
identical invention that is claimed was previously known 
to others and thus is not new. 

Patent Law : Novelty & Anticipation 
When more than one reference is required to establish 
unpatentability of the claimed invention anticipation 
under 35 U.S.C.S. § 102 can not be found, and validity is 
determined in terms of 35 U.S.C.S. § 103. 

Patent Law : Novelty & Anticipation 
To serve as an anticipation when the reference is silent 
about the asserted inherent characteristic, such gap in the 
reference may be filled with recourse to extrinsic 
evidence. Such evidence must make clear that the 
missing descriptive matter is necessarily present in the 
thing described in the reference, and that it would be so 
recognized by persons of ordinary skill. 

Patent Law : Statutory Bars : On Sale 

Sec35aS.CS§ J 02(h). 

Patent Law : Statutory Bars : On Sale 
The on sale bar of i5 U.S.CS, § 102(h) does not arise 
simply because the intended customer was participating 
in development and testing. 

Patent Law : Statutory Bars : On Sale 
Various factors pertinent to the on sale bar when there is 
an issue concerning the relationship between the patentee 
and the customer are: whether there was a need for 
testing by other than the patentee; the amount of control 
exercised; the stage of development of the invention; 
whether payments were made and the basis thereof; and 
whether confidentiality was required; and whether 
technological changes were made. All of the 
circumstances attending the relationship must be 
considered in light of the public policy underlying 35 
U.SCS§ 102(h). 

Patent Law : Statutory Bars : On Sale 
The on sale bar is measured by the time the public came 
into possession of the invention. What starts the period 
running is the availability of the invention to the public 
through the categories of disclosure enumerated in 35 
U.S.CS § /02(b). 

Patent Law : Nonobviousness : Tests <fe Proof of 
Obviousness 

Obviousness, 35 U.S.C.S. § 103, is reviewed as a legal 
conclusion based upon underlying facts of four general 
categories: the scope and content of the prior art, the 
differences between the prior art and the claimed 
invention, the level of ordinary skill at the time the 



invention was made, and any objective considerations 
that may be present. 

Patent Law : Nonobviousness : Tests & Proof of 
Obviousness 

When differences that may appear technologically minor 
nonetheless have a practical impact, particularly in a 
crowded field, the court must consider the obviousness 
of the new structure in this light. Such objective indicia 
as commercial success, or filling an existing need, 
illuminate the technological and commercial 
environment of the inventor, and aid in understanding the 
state of the art at the time the invention was made. 

Patent Law : Nonobviousness : Tests & Proof of 
Obviousness 

It is not necessary that the patented invention be solely 
responsible for the commercial success in order for this 
factor to be given weight appropriate to the evidence, 
along with other pertinent factors, in determining 
obviousness. 

COUNSEL: 

Eugene F. Friedman, Eugene F. Friedman, Ltd., of 
Chicago, Illinois, argued for Plaintiffs-Appellants. With 
him on the brief were Edwin C. Thomas, III and David 
M. Novak, Bell, Boyd & Lloyd, of Chicago, Illinois. 
Also on the brief was Kurt L. Grossman, Wood, Herron 
& Evans, of Cincinnati, Ohio. 

Henry J. Renk, Fitzpatrick, Cella, Harper & Scinto, 
of New York, New York, argued for Defendants- 
Appellees. With him on the brief were Lawrence F. 
Scinto and Bruce C. Haas. Also on the brief were Jacob 
K. Stein, Deborah DeLong, Thompson, Hine & Flory, of 
Cincinnati, Ohio, Lawrence L. Limpus, Monsanto 
Company, of St. Louis, Missouri and Edward L. Levine, 
Johnson Controls, Inc., of Milwaukee, Wisconsin. 

JUDGES: 

Newman, Archer, and Rader, Circuit Judges. 

OPINIONBY: 

NEWMAN 

OPINION: 

[*1265] NEWMAN, Circuit Judge 

Continental Can Company USA and Continental 
PET Technologies (collectively "Continental") appeal 
the partial summary judgment of the United States 
District Court for the Southern District of Ohio, holding 
that United States Patent No. ■ 4,108,324 (the Conobase 
or 324 [**2] patent) is invalid, nl Final judgment was 
entered on this issue, for the purpose of appeal. 



948 F.2d 1264, 1991 U.S. App. LEXIS 26994, **; 
20 U.S.P.Q.2D (BNA) 1746 



Page 3 



nl Continental Can Co. USA v. Monsanto 
Co.. 1989 U.S. Dist. LEXIS I34I7, II USP.QJd 
(BNA) 1 76 1 (S.D. Ohio 1989), reconsid denied. 
No. C-1-86-1213 (S.D, Ohio Nov. 9, 1989). 



Summary Judgment 

An issue may be decided on motion for summary 
judgment when there is no genuine issue of material fact, 
and the movant is entitled to judgment as a matter of law. 
Fed. R. Civ. P. 56(c); Anderson v. Liberty Lobby, Inc, 
477 US. 242, 91 L Ed 2d 202, 106 S Ct, 2505 (1986); 
Celotex Corp, v. Catrett, 477 US 317, 325-26, 91 L Ed 
2d 265, 106 5. O. 2548 (1986); Scripps Clinic & 
Research Foundation v. Genentech, Inc., 927 F.2d 1565, 
1 571, 18 USP.Q.2d (BNA) 1001, 1005 (Fed Cir. 1991). 
The movant's burden is to show that no fact material to 
the issue is in dispute, that even if all material factual 
inferences are drawn in favor of the non-movant the 
movant is entitled to judgment as a matter of law. Id. 
Summary judgment is as available in patent cases [**3] 
as in other areas of litigation. Chore-Time Equipment, 
Inc V. Cumberland Corp., 713 F2d 774, 778-79, 218 
US.P.Q, (BNA) 673, 675 (Fed Cir 1983) 

The purpose of the summary process is to avoid a 
clearly unnecessary trial, Matsushita Elec. Industrial Co. 
V. Zenith Radio Corp,, 475 US 574, 587, 89 L. Ed 2d 
538, 106 S, Ct. 1348 (1986); it is not designed to 
substitute lawyers' advocacy for evidence, or affidavits 
for examination before the fact-finder, when there is a 
genuine issue for trial. As stated in Adickes v. S.H. Kress 
& Co., 398 U.S. 144, 176, 26 L. Ed 2d 142, 90 S Ct. 
1598 (1970) (Black, J,, concurring), "the right to 
confront, cross-examine and impeach adverse witnesses 
is one of the most fundamental rights sought to be 
preserved by the Seventh Amendment". See also Poller 
V. Columbia Broadcasting System, Inc., 368 U.S. 464, 
473, 7 L Ed 2d 458, 82 S. Ct. 486 (1962). 

While facilitating the disposition of legally meritless 
suits, when summary judgment [*1266] is 
improvidently granted the effect is to prolong litigation 
and increase its burdens. This is of particular concern in 
patent disputes, where the patent property is a wasting 
asset, and justice is ill served by delay in final resolution. 
[**4] In the case at bar, although some issues could be 
resolved on the law and undisputed facts, other issues 
require trial. 

The Patented Invention 

The '324 patent, entitled "Ribbed Bottom Structure 
for Plastic Container", inventors Suppayan M. 



Krishnakumar, Siegfried S. Roy, John F. E. Pocock, Salil 
K. Das, and Gautam K. Mahajan, is directed to a plastic 
bottle whose bottom structure has sufficient flexibility to 
impart improved impact resistance, combined with 
sufficient rigidity to resist deformation under internal 
pressure. The patented bottle is said to provide a superior 
combination of these properties. The bottom structure is 
illustrated as follows: 

[SEE FIG 2 IN ORIGINAL] 

Claim 1 is the broadest claim of the 324 patent: 

1 . A container having a sidewall and a bottom structure 
closing the container at an end portion of the sidewall, 

the outer surface of the bottom structure comprising 
a central concavity, 

a convex heel surrounding the concavity and 
merging therewith and with the sidewall end portion, the 
lowermost points of the heel lying in a common plane, 

and a plurality of ribs interrupting the outer surface 
of the concavity and distributed in a symmetrical [**5] 
array, 

each rib extending longitudinally in the direction of 
the heel and downwardly from an inner portion of the 
concavity, whereby the outer end portion of each rib is 
lower than the inner end portion thereof, 

characterized by the feature that the ribs are hollow. 



Claims 2 through 5 include additional limitations, 
described as contributing to the structure's rigidity, 
flexibility, or both. Claim 2 specifies the ratios of 
thickness of the walls of the bottom structure to the 
thickness of the sidewall end portions. Claim 3 specifies 
that the margins of each rib merge smoothly with 
adjacent portions of the bottom structure. Claim 4 
specifies that each rib is convex relative to the bottom 
structure. Claim 5 specifies that each rib is of fusiform (a 
gently tapered shape at the ends) configuration. Each 
claim carries an independent presumption of validity, 
[*I267] 35 US.C § 282, and stands or falls 
independent of the other claims. Altoona Publix 
Theatres, Inc. v. American Tri-Ergon Corp., 294 U.S. 
477, 487, 79 L. Ed 1005, 55 S Ct 455 (1935). 

Continental brought suit for patent infringement 
against Monsanto Company and Monsanto's successor in 
this business. Hoover Universal, Inc. and Hoover's parent 
[**6] company, Johnson Controls . (collectively 
"Monsanto"). Monsanto moved for partial summary 
judgment based on issues of validity under 35 US.C § § 
702 and 103. 
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I 

35aS.C§ 102(a) 

The statutory requirement that a patented invention 
be "new" is tested in accordance with 35 U.S.C. § 
102(a), which provides that: 

§ 102. A person shall be entitled to a patent unless- 

(a) the invention was known or used by others in this 
country, or patented or described in a printed publication 
in this or a foreign country, before the invention thereof 
by the applicant for patent, ... 



The district court found that all the claims of the *324 
patent were anticipated by U.S. Patent No. 3,468,443 
(the Marcus patent). We conclude that the district court 
erred in claim interpretation, and also found disputed 
facts adversely to the nonmovant, thus inappropriately 
deciding the issue summarily. 

Anticipation under § 102(a) requires that the 
identical invention that is claimed was previously known 
to others and thus is not new. Scripps Clinic, 927 F.2d at 
1576, 18 USP.QJd at 1010; Titanium Metals Corp. of 
Am. V. Banner, 778 F.2d 775, 780, 227 US.P.Q. (BNA) 
773, 777^78 (Fed. Cir 1985); [**7] Lindemann 
Maschinenfabrik GmbH v. American Hoist and Derrick 
Co., 730 F.2d 1452, 1458, 221 U.S.RQ. (BNA) 481, 485 
(Fed. Cir, 1984). When more than one reference is 
required to establish unpatentability of the claimed 
invention anticipation under § 102 can not be found, and 
validity is determined in terms of § 103. 

, It was Monsanto's burden to show that every 
element of the several claims of the '324 patent was 
identically described in the asserted anticipating 
reference, the Marcus patent. The district court focused 
on the term "characterized by the feature that the ribs are 
hollow", which limits all of the *324 patent claims. 
Continental argues that the district court incorrectly 
construed this term, as a matter of law, and that the 
Marcus patent shows ribs that are not hollow, as that 
term is used in the 324 patent. Continental also points to 
other differences between the '324 claims and the 
description in the Marcus patent. 

The Marcus patent rib structure is illustrated in 
Figure 5 and in cross-section in Figure 6: 

[SEE FIG.5 IN ORIGINAL] 

[SEE FIG.6 IN ORIGINAL] 



[*1268] The Marcus patent does not state that its ribs 
are "hollow", or use a similar term. .Continental's 
witnesses [**8] testified by deposition that the Marcus 
patent shows solid, not hollow, ribs. A witness 
(Adomaitis) had stated in an internal memorandum 
written at Continental in 1969, well before this litigation 
arose, that "the ribs of their [Marcus'] web can be'made 
of solid beams only." Another witness, 324 cb-inventor 
Pocock, testified that: 

It seems evident to me that he [Marcus] was trying to 
produce some kind of container integrity by the 
production of essentially solid ribs on the bottom of the 
bottle. It seems to go to great length here to illustrate 
them as such. 



Krishnakumar, another co-inventor, testified that it "is 
very obvious the ribs are shown solid", and that Figures 
5 and 6 as well as Figures 7 through 12 of the Marcus 
patent all show solid ribs. However, Marcus, testifying 
for Monsanto, testified that his ribs were hollow, and that 
conventional blow molding would inherently produce 
hollow ribs. 

The district court defined "hollow" as meaning that 
"the inside contour of the ribs generally follows the 
outside contour thereof, a definition on which the 
parties agreed. Continental, 11 U.S.P.Q.2d at 1764. See 
the court's opinion, 11 U.S,P.Q.2d at 1764-68, [♦*9] for 
various sketches made by the witnesses. Continental 
states that the district court erred in construing "hollow", 
and that the phrase "characterized by the feature that the 
ribs are hollow" must be construed in terms of the patent 
in which it appears. See, e.g., Tandon Corp. v. United 
States Int'l Trade Comm'n, 831 F.2d 1017, 1021, 4 
U.SP.QJd (BNA) 1283, 1286 (Fed Cir. 1987). The 324 
patent explicitly distinguished the Marcus patent 
teachings, stating that the 324 ribs are, unlike Marcus, 
not filled with plastic. The 324 specification uses the 
tenm "hollow", as do the prosecution history and the 
claims, for this purpose. The 324 patent's usage of 
"hollow" is illustrated in the rib cross-section in Figure 
5A: 

[SEE FIG 5A IN ORIGINAL] 

The Marcus patent's rib structure thus was explicitly 
differentiated by the term "hollow" as used in the 324 
specification, drawings, and prosecution history. Since 
the claim term must be construed as used by the patentee, 
the district court erred in its construction of the 324 
claim term "hollow". On correct claim construction, the 
factual question of anticipation must be decided. 
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Monsanto's argument is that hollow [**10] ribs 
were inherently produced by Marcus. Monsanto thus 
argues that anticipation lies because the Marcus patent's 
ribs are "inherently" hollow, regardless of how they are 
shown in the Marcus patent. Monsanto argues that 
because the Marcus ribs are formed by injection blow 
molding, which is the same process described for the 
Conobase 324 ribs, hollow ribs are inherently disclosed 
in the Marcus patent. 

To serve as an anticipation when the Reference is 
silent about the asserted inherent characteristic, such gap 
in the reference may be filled with recourse to extrinsic 
evidence. Such evidence must make clear that the 
missing descriptive matter is necessarily present in the 
thing described in the reference, and that it would be so 
recognized by persons of ordinary skill. In re Oelrick 
666 R2d578, 581, 212 aS.P.Q, (BNA) 323, 326 (CCPA 
1981) (quoting Hansgirg v. Kemmer, 26 C.C.P.A. 937, 
102 K2d2I2, 214, 40 U.S.P.Q. (BNA) 665, 667 (CCPA 
1939)) provides: 

[*1269] Inherency, however, may not be established by 
probabilities or possibilities. The mere fact that a certain 
thing may result from a given set of circumstances is not 
sufficient. [Citations omitted.] If, [**11] however, the 
disclosure is sufficient to show that the natural result 
flowing from the operation as taught would result in the 
performance of the questioned fiinction, it seems to be 
well settled that the disclosure should be regarded as 
sufficient. 



This modest flexibility in the rule that "anticipation" 
requires that every element of the claims appear in a 
single reference accommodates situations where the 
common knowledge of technologists is not recorded in 
the reference; that is, where technological facts are 
known to those in the field of the invention, albeit not 
known to judges. It is not, however, a substitute for 
determination of patentability in terms of § 1 03 . 

Continental does not dispute the applicability of the 
bjection blow molding process. However, Continental 
disputes the material fact of whether this process 
necessarily produced "hollow" ribs in the Marcus base 
structure, as the term "hollow" is used in the '324 patent. 
Resolution of this disputed fact adversely to Continental 
was improper on summary judgment. The grant of 
summary judgment of anticipation under § 102(a) is 
vacated. The issue requires trial. 

II 

35aS.C§ 102(b) 



The district court also held that [**12] the Marcus 
bottle was on sale, 35 U.S.C § /02(b). Section 102(b) 
bars entitlement to a patent when: 

(b) the invention was ... in public use or on sale in 
this country, more than one year prior to the date of the 
application for patent in the United States. ... 



The Marcus bottle was developed some ten years before 
the filing date of the 324 patent, during a project 
wherein Marcus* employer, AdmiraP Plastics or APL 
Corporation, entered into agreements with the Coca-Cola 
Company for the development of a suitable plastic bottle. 
The agreements provided that Admiral Plastics would 
make and Coca-Cola would test the bottles, and that if a 
satisfactory bottle was developed it would be 
manufactured by Admiral and purchased by Coca-Cola. 
Minimum commercial quantities and maximum 
commercial prices were stated in an agreement, and costs 
were a matter of discussion. Admiral produced a variety 
of bottle shapes, including the Marcus bottle. The project 
was terminated after about two years, because the 
"mechanical performance" requirements were not met, as 
Coca-Cola wrote at the time. 

The district court reasoned that this project "called 
for the eventual marketing of the Marcus bottles once 
[**13] all technical difficulties were resolved". 
Continental, 11 U.S.P.Q.2d at 1766, and on this basis 
held that the Marcus bottles were on sale. This holding 
was in error, for the "on sale" bar of § 102(b) does not 
arise simply because the intended customer was 
participating in development and testing. See Great 
Northern Corp. v. Davis Core & Pad Co., 782 F.2d 159, 
164-65, 228 U.S.P.Q. (BNA) 356, 358 (Fed Cir, 1986). 
In Baker Oil Tools, Inc. v, Geo Vann, Inc., 828 R2d 
1558, 1563-65, 4 U.S.P.Q.2d (BNA) 1210, 1213-15 (Fed 
Cir. 1987), this court summarized various factors 
pertinent to the "on sale" bar when there is an issue 
concerning the relationship between the patentee and the 
customer: for example, whether there was a need for 
testing by other than the patentee; the amount of control 
exercised; the stage of development of the invention; 
whether payments were made and the basis thereof; 
whether confidentiality was required; and whether 
technological changes were made. All of the 
circumstances attending the relationship must be 
considered in light of the public policy underlying § 
102(b). UMC Electronics Co. v. United States, 816 F2d 
647, 656, 2 U.SP.Q.2d (BNA) 1465, 1471-72 (Fed Cir, 
1987), [**14] cert, denied, 484 U.S 1025, 98 L Ed 2d 
761, 108S Ct. 748(1988). 

The district court acknowledged that all technical 
difficulties were not resolved and that no sales were ever 
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made. [*1270] Although Admiral Plastics' hope was 
surely commercial sales, and the record shows that prices 
and quantities were discussed, this does not of itself 
place the subject matter "on sale" in the sense of § 
102(b). The Marcus bottle was part of a terminated 
development project that never bore commercial fruit 
and was cloaked in confidentiality. While the line is not 
always bright between development and being on sale, 
see generally UMC Electronics, supra, in this case the 
line was not crossed. The "on sale" bar is measured by 
"the time the pubHc came into possession of the 
invention", id. at 655, 2 US,P,Q, 2d at 147} (quoting In 
re Foster, 52 C.C.P.A. 1808, 343 F,2d 980, 987-88, 145 
U.S.P.Q. (BNA) 166, 173 (CCPA 1965), cert, denied, 
383 as, 966, 16 L Ed 2d 307, 86 5. Ct. 1270, 149 
U.S.P.Q. (BNA) 906 (1966) ("What starts the period 
running is clearly the availability of the invention to the 
public through the categories of disclosure enumerated in 
102(b)...." (emphasis in original))). [**15] We conclude 
that the district court erred in holding that the 
circumstances that here existed placed the Marcus bottles 
"on sale" in terms of § 102(b). We therefore reverse and 
direct that. on remand judgment on this issue shall be 
entered in favor of Continental, as a matter of law. 

Ill 

35 U.S.C § 103 

Obviousness, 35 U.S.C § 103, is reviewed as a 
legal conclusion based upon underlying facts of four 
general categories, viz. the scope and content of the prior 
art, the differences between the prior art and the claimed 
invention, the level of ordinary skill at the time the 
invention was made, and any objective considerations 
that may be present. Graham v. John Deere Co., 383 
U.S. 1, 17, 15 L Ed 2d 545, 86 S Ct. 684, 148 U.SP.Q. 
(BNA) 459 (1966); Interconnect Planning Corp. v. Feil, 
774 F.2d 1132, 1137-38, 227 U.SP.Q. (BNA) 543, 547 
(F.C, Cir. 1985). 

The parties agreed that the scope and content of the 
prior art was adequately represented by four references: 
the Marcus patent discussed in Part I ante, a patent to 
Colombo (U.S. Patent No. 3,403,804), and two patents 
owned by Continental, U.S. Patent No. 3,598,270 (the 
Petaloid patent), and No. 3,935,955 (the Decaloid 
patent). They agreed [**16] on little else. In granting 
summary judgment of invalidity for obviousness, the 
district court found certain disputed material facts and 
misapplied certain precepts of law. We conclude that the 
issue was not amenable to summary resolution. Although 
it is not entirely clear how the references were combined 
by the court, we shall review the references briefly, in. 
order to explain our conclusion. 

The Petaloid Patent 



The district court referred to the deposition 
testimony of Siegfried Roy, one of the co-inventors of 
the '324 patent, that the Petaloid base, inverted, was 
similar to the Conobase. Continental points out that 
neither Roy nor any other deponent suggested that the 
Petaloid base could be or should be inverted, or that 
inversion would provide an improved base structure. In 
In re Gordon, 733 F2d 900, 902, 221 U.S.P.Q. (BNA) 
1125, 1127 (Fed Cir. 1984) this court held that although 
a prior art device could have been turned upside down, 
that did not make the modification obvious unless the 
prior art fairly suggested the desirability of turning the 
device upside down. 

Continental points out that the Petaloid description 
differs in several other ways from [**i7] the *324 
invention. In the 324 structure the outer end of each rib 
is lower than the inner end, whereas in the Petaloid 
structure the outer ends of the ribs are higher than the 
inner ends; that is, the ribs in the Petaloid base extend 
upward from the center to the sidewall. The Petaloid 
bottle is supported on feet extending between the ribs, 
such feet being the locations for stress concentrations. 
The following drawing is from the Petaloid patent: 

[M271] [SEE FIG 3 IN ORIGINAL] 

Continental states that the 324 Conobase is not only 
different, but avoids the stress concentrations of the 
Petaloid device, thus enhancing impact resistance. 
Monsanto argues that Continental simply used the 
Petaloid hollow ribs in combination with the Marcus 
patent. This requires determination of whether there was 
something in the prior art as a whole to suggest the 
desirability, and thus the obviousness, of making the 
combination, in a way that would produce the 324 
structure. See, e.g., Uniroyal, Inc. v. Rudkin-Wiley Corp., 
837 F.2d 1044, 1051, 5 U.SP.Q. 2d (BNA) 1434, 1438 
(Fed. Cir.), cert, denied, 488 US 825, 102 L. Ed 2d 51, 
109 S Ct. 75 (1988). Continental argues that it is not 
apparent, [**18] even with hindsight, how any 
combination of the Petaloid and Marcus patents or other 
references lead to the 324 base. The Petaloid patent 
shows concave ribs that extend all the way to the 
sidewall, while the Marcus ribs extend "from the heel" 
toward an annular central ring. The Petaloid base has 
wide, petal-like, open ribs, while Marcus shows narrow, 
beam-like ribs. The deposition testimony was in conflict 
as to the inferences drawn from the references. 

On this disputed issue, drawing reasonable 
inferences in favor of the non-movant, it has not been 
established that one skilled in the art would be motivated 
to select and combine features from each source in order 
to make the 324 base. Interconnect Planning, 774 F.2d 
at 1143. 227 U.SP.Q, at 551 ("When prior art references 
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require selective combination by the court to render 
obvious a subsequent invention, there must be some 
reason for the combination other than the hindsight 
gleaned from the invention itself). 

The Decaloid Patent 

The district court also referred to combination of the 
Decaloid base with the Marcus base. The Decaloid base 
has ten hollow ribs that extend to the side wall, and ten 
feet [**19] between the ribs: 

[*1272] [SEE FIG 2 IN ORIGINAL] 

Monsanto does not explain, and we can not discern, how 
the combination with Marcus would have led a person of 
ordinary skill to the *324 base. The court's summary 
holding of obviousness based on these references, 
separately or in combination, can not be sustained. 

The Colombo Patent 

The Colombo base, like the Petaloid and Decaloid 
bases, has hollow ribs that extend to the sidewall, in a 
still different structure from that of Marcus and also from 
that of the 324 patent. Colombo describes his ribs as 
inverted U-shapes, concave, located on the outer surface 
of the central concavity: 

[SEE FIG. 4 IN ORIGINAL] 

Again, drawing reasonable factual inferences in favor of 
Continental, and in the absence of any suggestion or 
motivation in the prior art as a whole to make a selective 
combination of the Colombo and Marcus [*1273] 
structures along with other changes needed to obtain the 
*324 structure, summary judgment of obviousness was 
inappropriate. 

The district court found that there was no substantial 
difference between the *324 invention and the combined 
teachings of the prior art: 

As obviousness can be established on the basis of the 
combined [**20] teachings of references, we think it is 
clear that simple enhancements of existing prior art, i.e. 
inverting the '270 petaloid base, do not constitute a 
substantial difference between the subject matter claimed 
in the *324 patent and that of the prior art. Thus, the facts 
of this case reveal no substantial difference between 324 
and the prior art. 



Continental, 1 1 U.S.P,Q.2d at 1769 (citation omiued). 
However, as we have discussed, the criterion of § 103 is 
not whether the differences from the prior art are "simple 



enhancements", but whether it would have been obvious 
to make the claimed structure. 

Objective Indicia 

The district court concluded that the structure in suit 
is simply a variation on known themes. It is in such 
circumstance that the objective indicia the so-called 
secondary considerations -- are most useful to the 
decision-maker. The significance of a new structure is 
often better measured in the marketplace than in the 
courtroom. 

Thus when differences that may appear 
technologically minor nonetheless have a practical 
impact, particularly in a crowded field, the decision- 
maker must consider the obviousness of the new 
structure in this light. Such [**21] objective indicia as 
commercial success, or filling an existing need, 
illuminate the technological and commercial 
environment of the inventor, and aid in understanding the 
state of the art at the time the invention was made. See In 
re Piasecki, 745 F.2d 1468, 1475, 223 US.P,Q, (SNA) 
785, 790 (Fed Cir. 1984) (secondary considerations 
"often establish that an invention appearing to have been 
obvious in light of the prior art was not" (quoting 
StratoJIex, Inc, v. Aeroquip Corp., 713 F.2d 1530, 1538- 
39, 218 USP.Q. (SNA) 871, 879 (Fed Cir 1983))), 

Continental licensed the 324 counterpart Japanese 
patent to a Japanese company, Yoshino, that we are told 
had been unable to develop a plastic bottle for hot-fill 
applications, A witness for Toyo Seikan, another 
Japanese licensee, testified that the Conobase "sustains 
itself in higher temperatures, and it does not cause 
buckling after you fill [the bottle]", as compared with 
previously available plastic bottles. Continental asserts 
that Monsanto had been unable to develop a satisfactory 
bottle for hot-fill applications, and had therefore obtained 
this technology from Yoshino. 

The district court [**22] acknowledged the 
commercial success of the Conobase, but stated that "we 
are not convinced that the Conobase alone accounts for 
any of the success." // UAP,Q,2d at 1770 (emphasis in 
original). The court suggested that the commercial 
success in Japan was due to the market strength of the 
Japanese licensees, and held that there is no nexus 
between the merits of the product and its commercial 
success. It is not necessary, however, that the patented 
invention be solely responsible for the commercial 
success, in order for this factor to be given weight 
appropriate to the evidence, along with other pertinent 
factors. See generally Demaco Corp. v. F. Von 
Langsdorff Licensing Ltd, 851 F.2d 1387, 1392-94, 7 
USPQ.2d (BNA) 1222, 1226-28 (Fed. Cir.), cert, 
denied, 488 U,S 956, 102 L Ed 2d 383, 109 S Ct, 395 
(1988); Rosemount, Inc. v. Beckman Instruments, Inc., 
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727 F.2d 1540, 1546, 221 U.S.P.Q. (BNA) J, 7 (Fed Cir, 
1984). Monsanto also states that the Conobase is 
different bom the 324 invention, so that even were the 
Conobase successful, this does not inure to the benefit of 
the '324 patent. It is apparent that the factual issues 
surrounding [♦*23] the objective indicia were disputed, 
and material. 

In view of the material facts requiring resolution, the 
issue of obviousness was not properly decided on motion 



for summary [♦1274] judgment. We vacate the grant 
based on 35 US. C. § J 03, and remand for trial of this 
issue and the other issues remaining in the case. 

Costs 

Costs in favor of Continental. 

REVERSED IN PART, VACATED IN PART, and 
REMANDED. 
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PRIOR HISTORY: 

Serial No. 452,050. 

CASE SUMMARY 

PROCEDURAL POSTURE: Appellant sought review 
of the decision of the United States Patent and 
Trademark Office Board of Appeals sustaining the patent 
examiner's rejection under 35 U.S.C.S. § 102 of a claim 
in appellant's application for an apparatus specially 
adapted for moving low inertia steering fins on guided 
missiles. 

OVERVIEW: Appellant's claim for an apparatus 
specially adapted for moving low inertia steering fins on 
guided missiles was rejected by the patent examiner. The 
United States Patent and Trademark Office Board of 
Appeals affirmed the rejection concluding that under 35 
U.S.C.S, § 102, the claim was anticipated by a patent 
previously issued to appellant. Appellant sought review, 
and the appellate court reversed. The appellate court 
concluded that the determinative issue was a question of 
inherency. The board contended that the apparatus of the 
previously issued patent inherently performed the 
function of the apparatus of the rejected claim. The 
appellate court stated the principle that mere recitation of 
a newly discovered function or property, inherently 
possessed by things in the prior art, does not distinguish 
a claim drawn to those things from the prior art. 
However, the court determined that in this case the 
rejected claim did not merely recite a newly discovered 
function of the old device. The appellate court concluded 



that there was no inherency, because the rejected claim 
contained a limitation that was not inherently present in 
the device of the previously issued patent. 

OUTCOME: The rejection of appellant's claim was 
reversed, because the claim did not merely recite a newly 
discovered function of the device in a previously issued 
patent and contained a limitation that was not inherently 
present in the device in the previously issued patent. 

CORE CONCEPTS 

Civil Procedure : Preclusion & Effect of Judgments : 
Res Judicata 

Civil Procedure : Preclusion & Effect of Judgments : 

Collateral Estoppel 

Patent Law : Collateral Estoppel 

Res judicata does not have its usual impact when 

considering ex parte patent appeals; the public interest in 

granting valid patents outweighs the public interest 

underlying collateral estoppel and res judicata, 

particularly where the issue presented is not substantially 

identical to that previously decided. 

Patent Law : Novelty & Anticipation 
It is true that mere recitation of a newly discovered 
function or property, inherently possessed by things in 
the prior art, does not distinguish a claim drawn to those 
things from the prior art. 

Patent Law : Novelty & Anticipation 
Inherency may not be established by probabilities or 
possibilities. The mere fact that a certain thing may result 
from a given set of circumstances is not sufficient. If, 
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however, the disclosure is sufficient to show that the 
natural result flowing from the operation as taught would 
result in the performance of the questioned function, it 
seems to be well settled that the disclosure should be 
regarded as sufficient. 

COUNSEL: 

Roger A. VanKirk, attorney for appellant. 

Joseph F. Nakamura, Solicitor, and Thomas £. 
Lynch, Associate Solicitor, for the Patent and Trademark 
Office. 

OPINIONBY: 
RICH 

OPINION: 

[*579] 

Before MARKEY, Chief Judge, RICH, BALDWIN, 
MILLER, and NIES, Associate Judges. 

RICH, Judge. 

This appeal is from the decision of the United States 
Patent and Trademark Office (PTO) Board of Appeals 
(board) sustaining the examiner's rejection of claim 1 in 
application serial No. 452,050, filed March 18, 1974, 
entitled "Sub-Critical Time Modulated Control 
Mechanism," under 35 (JSC 102 as anticipated by 
appellant Oelrich's U.S. patent No. 3,430,536 for "Time 
Modulated Pneumatically Actuated Control 
Mechanism," issued March 4, 1969. We reverse. 

Background 

This application was the subject of In re Oelrich, 
579 R2d 86, 198 USPQ 210 (CCPA 1978), in which a 
rejection of claims 1-5 under 35 USC 103 was reversed. 
Appellant's method claims 2-5 now stand allowed. 

The invention of claim I is directed to an apparatus 
specially adapted for moving low inertia steering fins on 
guided missiles. The prior art apparatus and the theory 
upon which it operates are fully [**2] discussed in our 
above prior opinion and will, therefore, not be repeated 
here. Cenerally, the claimed device responds to an 
electric signal from a missile guidance system, the 
magnitude of which is proportional to the desired amount 
of course-correcting fin movement, and converts the 
signal into a pneumatic pressure of appropriate 
magnitude which acts on a piston to move the missile 
guiding fin. The device which is the subject of the 
Oelrich patent "was employed only with the then 
available steering fins which they characterize as 'high 
intertia' loads." nl The frequency at which this "high 
inertia" load system is operated is stated to be above the 



critical (resonant) frequency of the system. 579 F.2d at 
87-89, 198 USPQ at 212-13. The allowed method claims 
and apparatus claim 1 direct use of a carrier frequency 
below the critical frequency of the system. 

nl While the solicitor equates "low-inertia" 
with a "relatively light load" and "high-inertia" 
with a "relatively heavy load," appellants are not 
as unequivocal. They refer to "small inertia" and 
"low inertia" loads, but, for example, the 
Divigard affidavit refers to "Fin Inertia" in terms 
of "in- lb sec2/rad," a unit of measure applicable 
only in referencing moment of inertia, not 
intertia. The difference is significant because 
inertia, measured in terms of mass, is closely 
related to weight, while moment of inertia is 
affected by the distribution of the mass. Because 
of this ambiguity, we cannot and do not use the 
terms "weight" and "inertia" interchangeably. 
[**3] 

Claim 1 reads (emphasis ours): 

1. A time modulated fluid actuated control 
apparatus comprising: 

housing means, said housing means defining a 
cylinder; 

actuator piston means disposed in said housing 
means cylinder, said piston means including an output 
member adapted to be connected to a movable load, said 
load and control apparatus defining a system having a 
range of resonant frequencies; 

solenoid operated valve means mounted on said 
housing means, said valve means being selectively 
operable to deliver pressurized fluid to and to vent fluid 
from said housing means cylinder at one side of said 
piston means; 

means of generating variable mput command signals 
commensurate with the desired position of the load, said 
command signals being characterized by a dynamic 
frequency range below said range of said resonant 
frequencies; 

means for generating a signal at a carrier frequency, 
said carrier frequency being greater than the maximum 
dynamic command signal frequency and less than the 
minimum system resonant frequency; [+580] 

means for modulating said carrier frequency signal 
by said command signals; and 

means responsive to said modulated carrier 
frequency signal for [**4] controlling energization of 
said solenoid operated valve means. 
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In sustaining the examiner's rejection under § 102, 
the board expressed agreement with his reasoning, which 
is here summarized. Stating that "the issue is identical to 
that decided in In re Ludtke, 58 CCPA 1 1 59, 441 R2d 
660, 169 USPQ 563 (1971)" the examiner noted that, for 
purposes of determining inherency, "the question is, does 
Oelrich [the reference patent] disclose a signal generator 
that necessarily must supply the carrier frequencies that 
appellants use?" The examiner turned to Exhibit A of 
coapplicant Divigard's affidavit, which states as an 
assumption in a "Linearized Simulation" of a "high 
inertia" load system that the critical resonance frequency 
must be kept below 80 Hz to avoid interaction with the 
carrier frequency which is between 100 and 150 Hz. 
Thus, the examiner concluded, "Exiiibit A establishes 
Oelrich*s carrier frequency range, which may now be 
compared with the carrier frequency range of applicants' 
low-inertia system." It was then asserted that the Oelrich 
and Kolk affidavits establish that good low inertia 
system design practice dictates a carrier frequency range 
of 95-190 Hz. Since the [**5] carrier frequency range 
for the high inertia system lies within the range for the 
low inertia system, and since the critical frequency of the 
low inertia system is near the solenoid limit of 175 Hz, 
the examiner posited that the Oelrich carrier frequencies 
would be sub-critical in the low inertia system, saying, 
"Thus Oelrich's signal generator does in fact inherently 
produce frequencies which would be sub-critical when 
used with a low-inertia system, and therefore, inherently 
supplies a carrier frequency range which is usable in 
applicants' system since this conclusion was deduced 
from specific data presented in the patent and in the 
affidavits supplied by appellants." The appellants also 
asserted our prior decision was res judicata. 

OPINION 

Although appellants' arguments on appeal are 
directed primarily to a discussion of res judicata n2 and 
whether a "product which is unwittingly produced is 
anticipation," resolution of this case is properly had by 
comparison of the reference patent to the limitations of 
claim 1. As will appear, the determinative issue is a 
question of inherency. 

n2 The doctrine of res judicata, argued in 
view of our decision in In re Oelrich, 579 FJd 
86. 198 USPQ 210 (CCPA 1978), is not 
applicable to the instant rejection. The issue in 
the former case was obviousness; here it is 
anticipation. A new rejection is before us. 
Furthermore, res judicata does not have its usual 
impact when considering ex parte patent appeals; 
the public interest in granting valid patents 
outweighs the public interest underlying 
collateral estoppel and res judicata, particularly 
where the issue presented is not substantially 



identical to that previously decided. In re 
Russell 58 CCPA 1081, 1083, 439 F.2d 1228, 
1230, 169 USPQ 426, 428 (1971); in re Craig, 
56 CCPA 1438, 1441-42, 411 R2d 1333, 1335- 
36, 162 USPQ 157, 159 (1969). [♦♦6] 

The distinguishing feature of claim 1 is defined in 
the paragraph which states that the apparatus contains a 

means for generating a *♦* carrier frequency *♦* 
greater than the maximum dynamic command signal 
frequency and less than the minimum system resonant 
frequency. n3 

n3 Emphasis is ours. Portions of the claim 
unnecessary to this discussion have been omitted 
for clarity. 

Given that the carrier frequency which can be used 
in a low inertia system may fall within the range of ' 
carrier frequencies usable in a high inertia system 
(appellants admit as much), the PTO urges that the 
apparatus of he Oelrich patent inherently performs the 
ftinction of the apparatus of claim 1, and that finding a 
new use for an old device does not entitle one to an 
apparatus claim for that device, citing In re Wiseman, 
596 F,2d 1019, 201 USPQ 658 (CCPA 1979). Appellants 
in that case argued, however, that a structure suggested 
[*581] by the prior art was patentable to them because it 
also possessed an inherent but unknown function which 
they claimed to have discovered. This court stated that a 
"patent on such a structure would remove from the 
public that which is in the public domain by [**7] virtue 
of its inclusion in, or obviousness from, the prior art." Id. 
at 1023, 201 USPQ at 66L 

Appellants here countered the PTO inherency 
contention at oral argument (no reply brief was filed) by 
urging that there is no "inherency" because there is no 
"inevitability," that is, the previously quoted "means plus 
function" limitation of claim I is not inherently (always) 
present in the device of the Oelrich patent. 

It is true that mere recitation of a newly discovered 
function or property, inherently possessed by things in 
the prior art, does not distinguish a claim drawn to those 
things from the prior art. In re Swinehart, 58 CCPA 
1027, 1031, 439 E2d 210, 212-13, 169 USPQ 226, 229 
(1971). In this case, however, claim 1 does not merely 
recite a newly discovered function of an old device. In 
re Chandler, 45 CCPA 911, 254 F,2d 396, 117 USPQ 
361 (1958), a case not cited by either party to this appeal, 
is most pertinent to the instant controversy. 

The claim in Chandler, id. at 912-13, 254 F,2d at 
397, 117 USPQ at 361-62, drawn to an automatic control 
for a jet engine, included a "means responsive to said 
movement for regulating the propulsive power of said 
engine, in accordance [**8] with said movement, so that 
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said aircraft is propelled at a definite, selected speed, 
corresponding to the position of said engine relative to 
said aircraft, throughout the speed range of said aircraft," 
(Emphasis added.) In refuting the examiner's argument 
that the words beginning with "so that" were merely 
ftmctional, and thus did not distinguish the device fi-om 
that claimed in a patent to Goddard, this court stated: 

*** the expression beginning with "so that" is not 
merely functional, but constitutes a part of the definition 
of the "means responsive to said movement." Thus that 
means is defined as being responsive to the movement of 
the engine in such a way that the aircraft will be 
propelled at a definite speed in the manner specified. 
Such a definition conforms to the provision of 35 U,S,C, 
J 12 that an element in a claim for a combination "may be 
expressed as a means or step for performing a specified 
fiinction without the recital of structure, material or acts 
in support thereof. n4 

n4 For a similar case, see In re Wilson, 53 
CCPA 1 141, ] 148-49, 359 F.2d 456, 461, 149 
USPQ 523, 527 (1966), The provision of § 112 
referred to is, of course, the sixth paragraph, 
formerly, at the times of Chandler and Wilson, 
the third paragraph. The change occurred 
January 24, 1978. [♦*9] 

Likewise, the words after "means for generating a 
*** carrier fi-equency" in the claim on appeal constitute a 
limiting definition of the means. The PTO does not 
contend that this limitation, a carrier frequency which is 



"less than the minimum *mum system resonant 
frequency," is expressly disclosed in the Oelrich patent. 
Neither, however, is this limitation inherent therein. In 
Hamgirg v. Kemmer, 26 CCPA 937, 940, 102 F,2d 212, 
214, 40 USPQ 665, 667 (1939), the court said: 

Inherency, however, may not be established by 
probabilities or possibilities. The mere fact that a certain 
thing may result from a given set of circumstances is not 
sufficient. [Citations omitted.] If, however, the 
disclosure is sufficient to show thiat the natural result 
flowing from the operation as taught would result in the 
performance of the questioned fiinction, it seems to be 
well settled that the disclosure should be regarded as 
sufficient. 

The relationship between the carrier frequency and the 
, system critical frequency the former below the latter 
(and expressly made a claim limitation by use of "means 
plus ftmction" language) cannot be said to be "the 
natural result flowing from the operation [**10] as 
taught." The Oelrich patent instructs that the device is 
"adapted to receive a carrier frequency substantially in 
[*582] excess of the particular system critical or 
resonant frequency ♦ ♦ Given this express teaching, a 
"means for generating a carrier frequency *** less 
than the minimum system resonant frequency" is not 
inevitably present. 

The decision of the board is reversed. 

REVERSED 
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DISPOSITION: 
[♦♦1] Reversed. 

CASE SUMMARY 

PROCEDURAL POSTURE: Appellant sought review 
of a decision of the Board of Appeals of the United 
States Patent Office affirming the award by the Examiner 
of Interferences of priority of invention in two counts of 
an interference, which counts defined an invention 
relating to a process of producing substantially pure 
magnesium. 

OVERVIEW: Appellant contested the award of priority 
of invention to appellee in two counts of interference that 
defmed an invention relating to a process of producing 
substantially pure magnesium. Appellant argued that 
neither in specification nor claims in appellee's 
application under consideration was there any mention of 
dust or its removal, which was the heart of the invention 
involved, until after he became advised of the disclosure 
in a foreign patent. Appellee contended that he disclosed 
a manner of heating the magnesium in such a way as to 
leave the dust behind. The court noted that where one 
copies a claim from an inadvertently issued patent, it 
should clearly appear that his application disclosed the 
invention either expressly or inherently. The court ruled 
that the mere fact that a certain thing may result from a 
given set of circumstances was not sufficient and that it 
would be wholly unjustified in holding that such an 
alleged disclosure of vital elements of the counts was 
sufficiently clear so as to enable appellee to make claims 
corresponding to the counts. 

OUTCOME: Decision awarding priority of invention to 
appellee was reversed where an alleged disclosure of the 



vital elements of the counts was not sufficiently clear so 
as to enable appellee to make claims corresponding to 
the counts. 

CORE CONCEPTS 

Patent Law : US. Patent & Trademark Office 
Prosecution Procedures : Filing Requirements 
Where one copies a claim from an inadvertently issued 
patent it should clearly appear that his application 
disclosed the invention either expressly or inherently. 
The mere fact that a certain thing may result from a 
given set of circumstances is not sufficient. If, however, 
the disclosure is sufficient to show that the natural result 
flowing from the operation as taught would result in the 
performance of the questioned function, it seems to be 
well settled that the disclosure should be regarded as 
sufficient. 

COUNSEL: 

Brown, Critchlow & Flick (Jo. Baily Brown and Fulton 
B. Flick of counsel) for appellant. 

H. C. Bierman for appellee. 

JUDGES: 

Before GARRETT, Presiding Judge, and BLAND, 
HATFIELD, LENROOT, and JACKSON, Associate 
Judges. 

OPINIONBY: 
BLAND 

OPINION: 
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[♦937] APPEAL from Patent Office, Interference 
No. 73,230 

[*938] BLAND, Judge, delivered the opinion of 
the court: 

This is an appeal by the junior party Hansgirg from a 
decision of the Board of Appeals of the United States 
Patent Office, affirming that of the Examiner of 
Interferences awarding priority of invention in two 
counts of an interference, which counts define an 
invention relating to a process of producing substantially 
pure magnesium. 

The interference involves Kemmer's application, 
serial No. 542,104, filed June 4, 1931, and Hansgirg's 
patent. No. 2,003,487, issued June 4, 1935, on an 
application filed February 3, 1933. Both counts were 
taken from the Hansgirg patent. Since Hansgirg's dates 
were all subsequent to those of Kemmer, the sole issue 
raised in the interference related to the right of Kemmer 
to make claims corresponding to the counts. 

The invention as defined by the counts is 
particularly concerned with [**2] a process of producing 
magnesium which involves the removal of dust from 
magnesium vapor before it is condensed, the dust 
removal step being regarded as the novel feature of the 
invention. It was old in the art, prior to the entrance of 
either party into the field, to distill magnesium vapor 
from magnesium powder whether in powdered form or 
in the form of briquettes, and then to subsequently 
condense the same into metallic magnesium. 

The record shows that the Primary Examiner, when 
Kemmer attempted to claim the invention of these counts 
in his said application ruled that Kemmer*s disclosure did 
not warrant the allowance of the claims. He held that 
Kemmer's disclosure did not show the sequence of steps 
required by the claims and that the matter which he 
inserted in his amended application, which was to afford 
a basis for said claims, was new matter. 

Thereafter, Kemmer filed a motion in another 
interference between himself and Hansgirg, involving a 
different application and patent, and sought to add for 
interference purposes the claims of the Hansgirg patent 
which are the present counts. The Primary Examiner 
ruled that Kemmer did not disclose the invention. Upon 
appeal to the Board [**3] of Appeals, the decision of the 
Primary Examiner, holding that Kemmer could not make 
the proposed counts, was reversed, one member of the 
board dissenting. The present interference was then 
declared, and on account of the respective dates as is 
above shown, Hansgirg was ordered to show cause why 
judgment on the record should not be entered against 
him. Hansgirg filed answer [*939] which amounted to a 
motion to dissolve, claiming that Kemmer's application 



did not disclose the invention. The Examiner of 
Interferences, in view of the ruling of the board 
heretofore referred to, overruled Hansgirg's motion and, 
on the record, awarded priority to Kemmer. Hansgirg 
appealed to the Board of Appeals, which was the same 
board that had rendered the decision on the appeal from 
the Primary Examiner in the other interference. It again, 
by a majority opinion, one member dissenting, held that 
Kemmer could make the counts and affirmed the action 
of the Examiner of Interferences in awarding priority to 
him. Hansgirg then took an appeal to this court and the 
sole question presented is the right of Kemmer to make 
the claims corresponding to the counts. 

Count 2 is similar in all respects to count [♦M] 1, 
except that it contains the provision that the heating of 
the material containing the metallic magnesium in order 
to liberate the magnesium vapor is done under reduced 
pressure. For the purpose of this appeal, both counts may 
be regarded as identical. Count 1 reads as follows: 

I. The process for producing substantially pure 
magnesium which comprises heating material containing 
metallic magnesium, to liberate magnesium vapor 
therefrom, removing the resulting vapor by a 
nonoxidizing gas from the heated zone, separating out 
dust from said vapor, and thereafter passing it into a 
condensation zone, and cooling it to condensation point. 

It will be noticed that method count 1 contains the 
following five steps: 

1. Heating the material containing metallic 
magnesium. 

2. Removing the resulting vapor by a non-oxidizing 
gas from the heated zone. 

3. Separating dust from the vapor. 

4. Thereafter passing it into a condensation zone. 

5. Cooling it to a condensation point. 

Hansgirg argues here that neither in specification not 
claims in the Kemmer application under consideration is 
there any mention of dust or its removal; that Kemmer 
never attempted to claim the subject matter, which [**5] 
is the heart of the invention involved, until after he had 
become advised of the Hansgirg disclosure in a Canadian 
patent; that the third stage of separating dust from vapor 
is a distinct and separate step from the other steps of the 
process, which follows the removal of the magnesium 
vapor from the heated zone, and that the counts must be 
so construed, if the same is to be regarded as valid, in 
view of the prior art; that since the counts are taken from 
the Hansgirg patent, they must be construed in the light 
of the teachings of the patent and that Hansgirg shows a 
separate step with a screen for removing the dust 
interposed between the vaporizing material and the 
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condensation chamber; that in the Kemmer application 
the dust problem was not considered and no mention of 
screening [*940] the dust from the vapor either in the 
heating zone or elsewhere is disclosed. 

Kemmer relies for disclosure of the subject matter of 
the counts on the following language in his application: 

In order to obtain highly refined magnesium metal I 
subject the metal obtained as above described to a 
distillation operation in a non-oxidizing atmosphere or in 
a vacuum and condense the vapors of magnesium [**6] 
to pure metal. Similarly the quickly cooled powder 
mentioned above either as such or formed into briquets 
with or without a binder may be directly subjected to this 
distillation operation for a more direct recovery of pure 
metal. [Italics ours.] 

Kemmer contends, and a majority of the board 
agreed with him, that since he disclosed that his 
vaporizing heat was applied to the magnesium powder 
"formed into briquets with or without a binder," the 
vaporized magnesium in the briquette would find its way 
through the binder in such a way as to leave the dust 
behind. The binder of the briquettes is relied upon as 
supplying the disclosure of the portion of the counts 
which relates to the separation of the dust from the 
vapor. 

We are not in agreement with the conclusion of the 
board in this respect and in deciding the issue involved it 
will not be necessary for us to discuss the question which 
Hansgirg seeks to present to the effect that the counts 
must be given the construction he argues for in order to 
make them valid, nor will it be necessary for us to 
consider the question discussed and argued at such great 
length by both parties as to whether or not the dust 
separation referred to [**7] in the counts must be 
regarded as occurring outside the heated chamber. We 
think that the decision of the issue may rest upon a 
ground concerning which there should be little dispute. 

Where one copies a claim from an inadvertently 
issued patent it should clearly appear that his application 
disclosed the invention either expressly or inherently. 
(See McKee v. Noonan, 24 CCF.A. 784, 86 R2d 986; 
Lindley v. Shepherd, 58 App. D.C 31, 24 F.2d 606, He 
may disclose the invention by drawings, by the use of 
language, or he may disclose it by reciting and teaching 
such subject matter as will inherently do the thing or 
possess the quality which is claimed for it. So it is not 
enough to say that Kemmer said nothing about dust 
removal or about a screen which would remove it if the 
process defined by Kemmer would inherently perform 
the function in the manner prescribed by the count. 
Inherency, however, may not be established by 
probabilities or possibilities. The mere fact that a certain 
thing may result from a given set of circumstances is not 



sufficient. See Parker v, Ballantine, 26 CCPA. 799, 
lOI F.2d 220 (Patent Appeal [**8] No. 4026, decided 
January 23, 1939); In re Ball 23 CCF.A. 830, 81 F.2d 
242; Brand V, Thomas, 25 CCF.A. 1053, 96 FJd 301. 
If, however, [*941] the disclosure is sufficient to show 
that the natural result flowing from the operation as 
taught would result in the performance of the questioned 
function, it seems to be well settled that the disclosure 
should be regarded as sufficient. 

Now, when we view Kemmer's disclosure in the 
light of these principles, does it clearly show that his 
process inherently separates the dust from the vapor? We 
think not. Nothing is disclosed in his application that he 
sought to separate dust from vapor or that it was any part 
of the problem he was attempting to solve. He was 
attempting and did show a method of vaporizing 
magnesium from the magnesium material whether it was 
in the form of powder or in a briquette, either bound or 
unbound. There is no contention here, as we understand 
it, unless it be by inference, that there was any screening 
or separation of the vapor when vaporized, by heating 
the unbound powder, nor do we think there is any serious 
contention that there was any separation of dust from the 
vapor [**9] involved where the unbound briquette was 
used. It is contended by Kemmer, and found by the 
board, that the binding around the briquette acted as a 
screen through which the vapors passed during the 
process of vaporizing and that the critical element of the 
counts was, therefore, disclosed in the meagre sentence 
relating to the possible use of a bound briquette. 
Regardless of the question raised by Hansgirg as to the 
dust screening occurring after leaving the heating 
chamber, this interpretation of the counts is certainly not 
the meaning which the patentee gave in his application. 
In both forms of the invention shown by the drawings in 
his application he shows a screen in the form of loose, 
granular material, separate and apart from the material 
being heated. 

Kemmer argues that binders are usually made up of 
bituminous substances which are porous and that the 
passage of the vapor through the porous material would 
screen out the dust. There is no disclosure in Kemmer's 
application that the binder was to be made of a material 
of a porous character, or that it would be made of any 
particular kind of material which would perform the 
ftinction of screening. It is remotely possible that some 
[** 10] kind of screen or binding might be placed around 
the briquette which would, to some extent, perform the 
function that Kemmer and the board now claim for it, but 
it is not sufficient, under the above-stated, well-settled 
principles, to say that a binder might be selected which 
might do a certain thing. It would seem to us that we 
would be wholly unjustified in holding that such an 
alleged disclosure of the vital elements of the counts was 
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sufficiently clear so as to enable Kemmer to make claims 
corresponding to the counts. 

In view of the ambiguity in the counts as to the 
meaning of the step relating to the separation of the 
vapor, we think the counts [^942] should be construed 
in the light of the patent from which they were taken. 
Hausman v. Hochman, 23 CCPA, 1 162, 83 F.2d 703; 
Neumair v. Malocsay, 22 CCP.A, 1349, 77 F.2d 622, 
To construe them as Kemmer wishes them construed, it 
is necessary to hold that the material itself which is being 
heated constitutes the separating means. There is no hint 
in the patent of such teaching. The counts do not call for 
separation of the dust from the mass to be heated but call 
for "separating [**11] dust from said vapor." In both 
forms of disclosure in Hansgirg's patent, the vapor is first 
removed from the material and then, in passing through 
screening material, which is not a part of the material 
from which the vapor is derived, the dust is left behind. 
We think the counts should be construed to mean that the 
removing of the dust is brought about by some means 
other than by the heated material itself. 

However, it is our view that if the board's 
interpretation of the count was the proper one, we are of 
the opinion that it was not warranted in concluding that 
the vapor in passing through a briquette binding, the 
nature of which was not disclosed, would inherently 
leave the dust behind. In our view of the case it makes no 
difference whether the briquettes retained their form or 
not or whether by the heat they would be reduced to 



powder as was suggested by the minority member of the 
board. We may not conjecture, under the circumstances, 
that the binder, under the teachings of Kemmer, would 
be selected of such material as would possess such 
porosity or other characteristic as would bring about the 
desired results. If it be assumed that the binding of the 
briquette prevents the dust [**12] from leaving its 
original position in the mass of the material being heated, 
no separation such as is called for by the counts has 
taken place. This reasoning would presuppose that the 
process only involved separating the dust from the 
material The counts call for separating the dust from the 
vapor and, obviously, the fair meaning of the phrase 
would require that the vapor, at some point before the 
dust was separated from it, would have an existence 
separate from that of the material. 

For reasons stated, it is our view that the Kemmer 
disclosure was not sufficient to form the basis for making 
the counts and that the interference should have been 
dissolved on the ground that Kemmer could not make the 
claims corresponding to the counts. 

In this court, Hansgirg moved to strike certain 
portions of Kemmer's brief. On December 27, 1938, this 
court ordered certain portions of the same to be stricken 
and reserved decision as to items 2 and 3 pending 
argument on appeal. The motion of Hansgirg to strike 
said items 2 and 3 is denied. 

The decision of the Board of Appeals is reversed. 
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Hepatitis delta virus (HDV) is a novel viral pathogen that is 
an important cause of acute and chronic liver disease in various 
parts of the world (4. 14, 16, 18, 24, 29). There is currently no 
effective treatment for HDV infections. Recent advances in 
our understanding of the viral life cycle have revealed new 
targets for antiviral therapy. 

The HDV particle's core contains the 1.7-kb single-stranded 
circular genomic RNA (32) and the virally encoded small and 
large delta antigens. The particle core is encapsulated by a lipid 
envelope embedded with hepatitis B virus (HBV) surface an- 
tigen (HBsAg) proteins (2). HBsAg is provided by HBV, which 
accounts for the occurrence of HDV infections only in the 
presence of an HBV infection. 

Infectious HDV particles can be produced in vitro by cells 
iransfected with cloned DNAs containing portions of the HBV 
and HDV genomes (28, 33). Virus-like particles can also be 
produced in the absence of genome replication. Indeed, co- 
iransfection into cultured cells of plasmids encoding only large 
delta antigen and HBsAg is sufficient for the production and 
release of particles (5, 31). Essential to large delta antigen's 
requisite role in HDV assembly are the last four amino acids at 
the carboxyl terminus (Cys-Arg-Pro-GIn-COOH), which to- 
gether form a "CXXX box," a motif recognized by prenyltrans- 
ferase enzymes as a substrate for covalent addition of a prenyl 
lipid to the CXXX box cysteine (13, 21, 26, 34). Prenyl lipid 
addition to delta antigen may help target the protein to cellular 
membranes containing HBsAg and may help irieeer virus as- 
sembly (7, 10). 

When the large delta antigen's CXXX box is destroyed by 
genetic mutation, prenylation is prevented and particle pro- 
duction is abolished (11, 19). While these studies demonstrated 
the critical role of prenylation in HDV virion morphogenesis, 
a strategy that uses mutagenesis to disrupt delta antigen pre- 
nylation in natural infections would be impractical. Therefore, 
we investigated whether virion assembly is similarly inhibited 
when delta antigen prenylation is prevented by pharmacologic 
means— by using a drug that specifically inhibits the enzyme 
responsible for the transfer of the prenyl lipid to delta antigen. 
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Construction and characterization of a particle-producing 
cell line. We constructed a permanent cell line capable of 
continuously producing HDV-like particles. Briefly, a clone of 
NIH 3T3 cells stably transfected with pSVL-large, which ex- 
presses large delta antigen (11), and pHygro, which encodes 
hygromycin resistance, was further cotransfected with SV24H, 
which expresses HBsAg (3), and pRCCMV (Invitrogen), which 
encodes G418 resistance. Cells were transfected with Lipo- 
fectamine (Gibco BRL) according to the manufacturer's direc- 
tions and selected with hygromycin B and G418. One of the 
resulting clones, termed LH, was selected for further charac- 
terization. 

Confluent LH cells were washed twice with phosphate-buff- 
ered saline, harvested in cell lysis buffer (50 mM Tris [pH 8.8], 
2% sodium dodecyl sulfate [SDS]), and analyzed for the pres- 
ence of large delta antigen. Briefly, samples were subjected to 
SDS-polyacrylamide gel electrophoresis (PAGE) with 12% re- 
solving gels, followed by transfer to Immobilon polyvinylidene 
difluoride membranes (Millipore), essentially as described pre- 
viously (11). The blots were treated with a human antibody 
against delta antigen (11) and with alkaline phosphatase-con- 
jugated rabbit antibody to human immunoglobulin G (Pro- 
mega), followed by chemifluorescence development (with a kit ' 
from Amersham) and detection (STORM 840; Molecular Dy- 
namics). The results (Fig. 1, lanes 2) confirm the presence of 
large delta antigen in LH cells. In addition, similar to other cell 
lines stably transfected with cDNA encoding HBsAg (17. 20, 
27), LH cells abundantly express and constitutively secrete 
HBsAg into the media, as measured by a commercial assay 
(Auszyme; Abbott Laboratories). Finally, LH cells also pro- 
duce and release HDV-like particles that contain both HBsAg 
and delta antigen. The particles can be isolated from clarified 
medium supematants by either immunoprecipitation with a 
monoclonal antibody to HBsAg (Abbott Laboratories) (Fig. 
lA, lane 1) or ultracentrifugation through a 20% sucrose cush- 
ion and collection of the pellet (25) (Fig. IB, lane 1). The LH 
cell line is thus well suited to pharmacologic studies dependent 
on precise reproducibility and aimed at measuring the effect of 
various inhibitors on particle production. 

Effect of BZA-5B on large delta antigen prenylation. We 
next wished to identify a compound capable of inhibiting large 
delta antigen prenylation. For this purpose, we chose to test 
B2A-5B, a drug originally synthesized as a specific prenyltrans- 
ferase inhibitor and known to inhibit prenylation of the onco- 
protein H-Ras^*^ (22). BZA-5B can abrogate the prenylation- 
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FIG. 1. LH cells produce HDV-Iikc particles. (A) HDV-like particles (lane 
I) were tmmunoprecipitated from clarified medium supematants (Sup.) of LH 
cells with a monoclonal antibody to HBsAg and subjected to immunobtot anal- 
ysis for the presence of large delta antigen. LH celb remaining on the dish were 
harvested in cell lysis buffer and an aliquot (lane 2) was included in the immu- 
noblot analysis. (B) Particles (lane 1) were isolated by ultracentrifugation of 
clarified medium supematants of LH cells and an aliquot was subjected to 
immunoblot analysis, along with a sample of LH cell lysate (lane 2). U large delta 
antigen. The locations of prcstaincd molecular mass markers arc shown at the 
left (in ktlodaltons). 



dependent, H-Ras^*^-mediated transformation of Rat-1 cells 
without observed gross cellular toxicity (15). 

To determine the effect of BZA-5B on large delta antigen 
prenylation, we performed in vitro translation-prenylation reac- 
tions, essentially as described previously (11), with the addition 
of BZA-5B. Briefly, combined in vitro transcription-translation 
reactions with rabbit reticulocyte lysates (Promega) were pro- 
grammed with a plasmid encoding large delta antigen in the pres- 
ence of [5-^H]mevalonate (60 Ci/mmol [R, S]; American Radio- 
labeled Chemicals), a metabolic precursor of prenyl lipids. 
A carrier (final concentrations of 0.5 mM dilhiothreitol [DTT] 
and 0.05% dimethyl sulfoxide [DMSO]) or various concentra- 
tions of BZA-5B dissolved in the carrier were included in the 
reactions. Aliquots of each reaction mixture were then subjected 
to SDS-PAGE and either fiuorography (11) (Fig. 2A) or immu- 
noblot analysis for delta antigen as described above (Fig. 2B). 

In the absence of B21A-5B, pH]mevalonate was incorpo- 
rated into large delta antigen (Fig. 2A, lane 3), indicating that 
it undergoes prenylation, as previously shown (11). BZA-5B 
had no apparent effect on the translation of large delta antigen 
(Fig. 2B), whereas profound inhibition of posttranslational 
prenyl lipid modification was observed at 5 pM B21A-5B. No 
prenylation was detectable at concentrations of 25 pM and 
above (Fig. 2A, lanes 4 to 7). Thus, BZA-5B appears to be a 
potent inhibitor of large delta antigen prenylation. These re- 
sults are in good agreement with recent data showing that large 
delta antigen is prenylated by famesyltransferase (23), the pre- 
nyl transferase most sensitive to BZA-5B (15). Our results also 
suggested that BZA-5B would be a good candidate for inhib- 
iting HDV particle production. 



Effect of BZA-5B on particle production. To test the hypoth- 
esis that an inhibitor of delta antigen prenylation can prevent 
virus-like-particle production, the effect of BZA-5B on LH-cell 
particle production was studied (Fig. 3), LH cells were seeded 
at low confiuency in 100-mm-diameter dishes (15). Duplicate 
dishes were grown in media containing a carrier (0.5 mM DTT 
and 0.05% DMSO — to minimize oxidation and enhance cellu- 
lar penetration of the compound) alone or a carrier plus var- 
ious concentrations of BZA-5B. After four medium changes, 
made every other day, portions (2.5 ml) of the respective final 
clarified medium supematants were quantitatively analyzed for 
the presence of HDV-like particles with the centrifugation- 
over-sucrose-cushion and immunoblot procedures described 
above (Fig. 3A). The large delta antigen bands were quanti- 
tated with the ImageQuant (Molecular Dynamics) software 
package. All quantitations were performed within the linear 
range of the chemifluorescence detection, as determined by 
serial dilutions of large delta antigen standards. As a control 
for nonspecific inhibition of protein synthesis and secretion, 
HBsAg was quantitated in duplicate aliquots (10 ftl) of each 
medium supernatant sample with a commercial assay (Aus- 
zyme; Abbott Laboratories). After the medium supematants 
were collected, the underlying LH cells were harvested and 
counted, and a fraction of them were subjected to immunoblot 
analysis (Fig. 3B). The percentage of control particles per cell 
and of HBsAg per cell was then calculated for each concen- 
tration of B21A-5B and plotted as a function of dmg concen- 
tration (Fig. 3C). 

As shown in Fig. 3A. a significant inhibition of particle 
production was observed with 10 \lM BZA-5B compared to 
that in the control with the carrier alone (lane 2 versus lane 1). 
At 50 p.M BZA-5B, particle production is reduced to below the 
level of detection (Fig. 3A, lane 4). The inhibition of particle 
formation was not due to a decrease in the cellular pool of 
delta antigen (Fig. 3B). To assess whether B2j\-5B's inhibition 
of particle production was secondary to a more general effect 
on secretion or cell metabolism, rather than direct prenylation 
inhibition, we measured the HBsAg contained in the collected 
medium supematants. HBsAg does not harbor a CXXX box 
and it is therefore not subject to prenylation, although the known 
constitutive secretion of HBsAg alone into the media could be 
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FIG. 2. B2A-5B inhibits prenylation of large delta antigen- Combined in 
vitro transcription-translation reactions were performed with rabbit reticulocyte 
lysates programmed with water (lanes 1) or a plasmid cncodmg large delta 
antigen (lanes 2 to 7) in the presence of [5-'H]mcvalonatc and cither water 
(lanes 2), a carrier (0.5 mM DTT and 0.05% DMSO) (lanes 3). or a earner with 
5, 10, 25. or 50 jiM BZA-5B, as indicated. Aliquots (1 jil) were subjected lo 
SDS-PAGE and either fiuorography (A) or immunoblot analysis (B). U large 
delta antigen. 
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affected by nonspecific toxicity. As indicated in Fig. 3C, how- 
ever, BZA-5B selectively abolished prenylation-dependent 
HDV-like particle release while exerting no such effect on the 
constitutive secretion of HBsAg. 

^ As with most pharmacologic inhibitor experiments, it is pos- 
sible that the inhibition of particle formation is unrelated to 
BZA-5B's effect on delta antigen prenylation. Since particle 
formation, however, can be similarly abolished when delta 
antigen prenylation is specifically prevented by a completely 
different and nonpharmacologic means — namely, genetic mu- 
tation of the prenylation site on delta antigen (11) — our data 
suggests that it is indeed the specific ability of BZA-5B to 
inhibit delta antigen prenylation (Fig. 2) that is responsible for 
preventing particle formation (Fig. 3). 

These results have obvious implications for a new type of 
antiviral therapy based on prenylation inhibition. Such an an- 
tiviral strategy may be able to be applied to other viruses found 
to have similarly prenylated proteins. While delta antigen was 
the first viral protein shown to undergo prenylation, analysis of 
sequence data banks reveals the presence of CXXX box-con- 
taining proteins in numerous other viruses, including herpes 
simplex virus, cytomegalovirus, and hepatitis A virus (10). 

As an initial viral target, HDV is particularly attractive be- 
cause preventing prenylation of large delta antigen might have 
two antiviral consequences. First, as we show here, particle 
assembly could be blocked. Second, as a result of not being 
released in the form of viral particles, the large delta antigen 
concentration within infected cells may increase. Because large 
delta antigen is a potent fra/w-dominant inhibitor of HDV 
genome replication (6, 12), the antiviral effect of prenylation 
inhibition on assembly could thus be amplified by an additional 
suppression of viral genome replication. 

Strategies designed to inhibit viral prenylation could affect 
host cell prenylation as well. Several factors, however, may 
help limit the potential for intolerable side effects, ^vlormal 
cellular prenylation is accomplished by a family of prenyltrans- 
ferases (34). Thus, selective inhibition of the prenyltransferase 



that modifies delta antigen may not affect host cell functions 
which depend on other p re nyltransfe rases. Some substrates 
can be prenylated by more than one prenyltransferase (1, 30). 
Such potential cross-specificity may help mitigate unwanted 
prenylation inhibition of critical cellular proteins by BZA-5B. 
Indeed, BZA-5B is surprisingly well tolerated in a variety of 
experimental systems (9, 22); in our experiments, we observed 
no gross cellular toxicity and a mild (30 to 50%) inhibition of 
growth rate at the highest BZA-5B concentrations. In addition, 
viral assembly may be more sensitive than key host cell func- 
tions to the effects of prenylation inhibitors. It is possible that 
inhibiting the prenylation of only a fraction of the large delta 
antigen in a nascent virus particle may be sufficient for abro- 
gating normal assembly of the entire particle^ Ultimately, the 
true benefit-to-risk ratio will need to be determined for each' 
clinical application. In the case of HDV, there are established 
animal models (8) which may now be suitable for further eval- 
uating the proposed antiviral strategy. 
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Photoreactive analogues of prenyl diphosphates have 
boen useful in 3tudyinjf prenyltransferases. The effec- 
tivoneea of analogues with different chain lengths as 
probes of recombinant human protein pr«nyltrans- 
ferases is established here. A putative gcranylgeranyl 
diphosphate analogue, 2-diazO"3^,3-trifluoropropiony- 
loxy-fameayl diphosphate (DATFP-FPP), was tho best 
inhibitor of both protein farnesyltransferase (PFT) and 
protein gcranylgeranyltransferase-I (PGGT-I). Shorter 
photoreactive isoprenyl diphosphate analogues with ge- 
ranyl and dimethylallyl moieties and tho DATFP-deriv. 
ative of famesyl monophosphate were much jKwrer in- 
hibitors. DATFP-FPP was a competitive inhibitor of 
both Prr and PGGT-I with Ki values of 100 and 18 nM. 
respectively. ["P]DATFP-FFP specifically photoradio- 
labdcd the p-eubunits of both PFT and PGGT4. Photo- 
radiolabeling of PGGTJ was inhibited more effectively 
by geranylgeranyl diphosphate than famesyl diphos- 
phate, whereas photoradiolabeling of PFT was inhibited 
better by famesyl diphosphate than geranylgeranyl 
diphosphate. These results lead to the conclusions that 
DATFP-FPP is an effective probe of the prenyl diphos- 
phate binding domains of PFT and PGGT-L Further- 
more, the fl-subuniti of pjrotein prenyltransferases must 
contribute significantly to the recognition and binding 
of the isoprenoid substrate. 

Prenylated proteins have an important role in cellular reg- 
ulation, therefore, a description of their atmcture/^unction re- 
lationships and post-translatiotuJ processing has been of great 
interest (1-3). Among the post-translstional events is the mod- 
ificatioQ of cysteine residues in carboxyl termini with either a 
famesyl or geranylgeranyl moiety by sequence sperific protein 
prenyltransferases. Protein farnesyltransferase (PFT)^ is a ap- 
heterodimer (4, 5), which transfers the Gas isoprenoid from 
famesyl diphosphate (FPP) to a Cys residue in the sequence 
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tography Tricine, y-(2.hydroxy.l.l-bi3(hydroxymathyl)ethyl]glycine. 



.Cyfi-Ai.A^.-Ser(Met. Gin), ^^here and represent aliphatic 
amino acids (1-3, 6. 7). Protein geranyl^eranyltransferase-I 
(PGGT-I) is also a o^-heterodimer (4). but it transfers the Cjo 
moiety from goranylgeranyl diphosphate (GGPP) to a Cys res- 
idue in proteins terminating in Leu (-Cys-Ai-Aj-Leu) (8-11). A 
different class of aeranylgeranyltransferases. PGGT-II or rah 
prenyl tranafere see (12), modify proteins ending in -Cys-Cys. 
■Cys-X-Cys, and -Cys-Cys-X-X (8, 13-15). 

Although, the substrate spedficity of prenyltransferases 
which r ecogniie the -C- A^-A^j-X motif has been well estabUahed 
and many inhibitors of these enzymes have been described 
(16-20), the full extent of involvement of the protein subunits 
or their respective amino add residues in the prenylation re- 
action has not yet been eluddated for any of these prenyltrans- 
ferases, A detailed description of the "active sites" of these 
enzymes would aid in the development of more specific emytne 
inhibitors based on rational design. One means of investigating 
the structure of a substrate binding domain is to probe it with 
photoreactive substrate analogues. Earlier studies have shown 
photoinhibition and photolabeHng of bacterial prenyltrans- 
ferases with a photoreactive analogue of FPP, diazotrifluoro- 
propionyloxy-g«ranyl diphosphate, DATFP-GPP a, n = 1). C21, 
22). DATFP-GPP was subsequently shown to be an inhibitor of 
protein prenyltransferaae activity in cytosolic extracts of cul- 
tured human lymphocytes (23). DATFP-GPP and the GGPP 
analogue. DATFP-FPP (I, n = 2). have now boon used to probe 
protein prenyltransferase function. 

Since PFT and PGGT-I show specificity toward both the 
protein and prenyl diphosphate substrates, the common a-sub- 
unit is not likely to be the sole determinant for substrate 
spedficity. Accordingly. Omer cf oL (5) showed that 
[^HIDATFP-GFP, the radioUbeled putative FPP analogue, spe- 
dfically labeled the ^-subunit of recombinant human PFT 
(hPFT). Recently Yokoyama et al (24) have synthesized 
^HJDATFP-FPP and also shown that it photoradiolabeled the 
3-9ubunit of bovine brain PGGT-L Although, the radioactive 
photoreactive prenyl diphosphate probes labeled only the 
/3-subunit3 of these prenyltransferases and the labeling could 
be inhibited by the natural substrate for each enzyme, no 
evidence was presented to unequivocaUy demonstrate that the 
phoioprobe binds to the active site. More aperifically. demon- 
stration that tl^ese probee inhibit the prenyltransferases com- 
petitively, with Ki values similar to the of the natural 
substrates, was not estabUshed. In addition, neither demon- 
stration of chain length spedfidty of the photoprobes for uihi- 
bition of activity was established nor was the speaficity of the 
prenyl diphosphates in their protection of the labehng of the 
^-subunits determined. 

We present here an improved synthesis and characterization 
of DATFP-FPP. DATFP-FPP was shown to competitively in- 



19035 



•25. Apr. 23C 

19036 



C • 'lie 



No. 5409 F. 3/? 




Photoaffinity Ubeling of Prenyltran^iferas^s 



n.«-K 



0 



•ai,cr 



B-5 



S-moirfiinE !• 



w hPFT and hPOGT-I and demonstrated better inhi- 

v?'^ thL thnhorter DATFP-Uoprenyl homologues. Further, 
re wher L ?4pa?FP-FPP (Structure I) photoUbel.d the 
r« of both huma. recombinant .n.ymes. ^ 
faSlabeling .ho-ed preference for the enzymes prenyl 
diphosphate substrate. 

EXPEBIMENTAl. PR0CEDUKE3 

Proteirv Chemiatiy Care Facihiy. Inurducipl^ry j,,rou3ly 
^"d GOPP w.ra prepared 3. d«cnbed P'^-^^^^^^^^fJ^TIiS^ 

Syn/Aesi-S ofDATFl'-rfr «"« "lit, rpp (T „ = 2) »-(l3 accomplished 
of the photoreocti« ^"^'•.^^^JJf^^l; %Vf. aimilor synthesis 

fetiwra of theao syntheaei wai tne '"J" " . j The estorificQ- 

tion of this dihydroj^y mono«9tflr *un cu gpWtivc removal of tht 

chloroacctyl group Co ^ivc DAlFP-firnesoi^^aa n^TFP.FPP 

anun^nla ««d J '^'Sr- ^^^^^^^^^ 

A cntical step '^^J J^^^^ lO-dodecatri.ne (famo3yl chloro- 

contrast to geranyl 'hlcrooceute 2U -»^^^^^ ^^^i. 

acid'f-batyl ^^'^'^P^^'"'',!^,^;" „p w« accompanied by the o«da- 
nsl methyl group of the f«TX«orl " 0,0 reaction 

tion of meth>Uiie groups as v-ell. I"'*'*""* *' „ers than 

o^led tothofonnauan of d.e o^^^^^^^^ 

°" '''"'^ooLuK S^ao^darion^ limiting co,«u«ption of the 
tjous were optimued lor wje . ' ■ of o^'e^-oxidfltion prod- 

sorting material aad ^^^torteVpU^ of time ond at 

acts. This was achieved by ''•''^•"^ '"'^VrteTtZl 2?1. Fwnesyl cMo- 
, lower tcm^rature t^n pr^^^^^^^^ Kydroplro^ide 
rcacotate (4.6 g. S.S M""!) ""^"5 ,5 ;„ ml of CH,CU fo' 
(3.45 ml, 31 mmol) and HjSeO, 8' ^fj"*^" '"^^j obtained in 24% 
» V It 0 'C The whydroxyCxmeuyl chloroacstate was . 
2 h at u v.. in« "^'v -..jrifiMticft by silica gel thrnmatograpny 

ifioli (1 IS i: 3.8 mmol) after panncaiion uj !ull^.<■ b 

Standard ons-pulse UqYLUiii ano ' ►„ Ct.bligh that pro- 

Varian Unity 600 nmr »y«t.m '"'"''''^'i^n^ ^t^^U^HCl^ (600 
J^etruciure (H) was ^rrect. 'H nmr »h.ft- « /PPmHC HC^UM^ 

d), 5.03 (IH. tr). 5.34 (IH. 'f^f^V^-'^l^^.^^^^l „on.,.m.thyl 
analyacs show ^^\^'^y^''^^^''°^ f'^'^Z"^^^ and f«uf 

methylene *,gnaU 'P^^uo obvioualy resides on the tsnwnal 
Sflcondao- alcohol. The ^LTqU^qsy „activin sho-ed that the 

carbon because O^eaymmetmedD^^^^^^ 

rSrP^'Ss'3.'p?mrwV.1^arc,.p,ei^ 



methyl groupb (<. 1.65 ppnO. The ^^^^ ^^^^ ^^^^ 

r-r'/.W S^TXlt^e (Ib) and o.her ^^m-dimethyl allylic com- 

(metnyuj ^x^yctcu lu*. » .u«*-i^ n^fVuoAv were ouro d£ assessed 

n,\sar ;nrArm6diatJ»3 of the 3>Tiihetic patnway were puio « 

^rnt.'raXVil^'fe%.^^^ 

r^!;!Sph;^^tl/a linear grajo^^^^^^^^^^^ 

.^i-* ^n«, (vM aqueous mfethanol. UAirx'-r rr . 
roSd ( 02 mm7after further purificaUon by ^^J^J'^B'^^ff,^^ 

= 0.30 in 2-prnpanol/NH,OHm50 (6.3.1, v/v/v,. €,„ 



Umol- ^-cm-^ (in 1 ^J^;^^^ - p lyophUiied and applied to 
ArnLrlitfi \aD-2 column in 1 mM aqueous ammomi. The pure 



9,700 L-mor^-cm"* fin 1 niM 



nol/NH^OH/HjO C6:3:X, 

. r /5>DrftdTrp R-Pp—DATPP-famesol was alw converted 

mixed with aqueoua H^PO* to ^J^?^.,. . over P^O, aad the 

(40-500 mCi/mrooi:. The solution was 

a *f p» M in (Irv icetonimie was adoea to prepare 
calculated amount of Et^N in dry ^'^^l^^^J^ n*TFP.fameiM)l (50 

blanUt oi inert gaa for 1-2 h. ^h* " ^ '^^h the 

buffer for ion-e-xchanje *romatcgraphy (20 mM an^mon^ 
30% MaOH). The .«mpU "".l?»"*f^,'"Vthe same buffer. AfUr 
^tman DE52 ..llulose ^^"^^^-'t.^iS ^^/Zl :i,4 diphoa- 

containing [ ^'^^^J.*' ' further purified by chnjcwtogia- 

U.«l. In "oae lutL «60 rrE^erck) in 2-prop.nol/NH.OK/ 

k% (6-^Tvif^)-^^^^^^^ 

as'aaa^sed by '«'^*<' 

.it^rpeS«n;^-5 ''S^^re^tr^'^irph^^^ 

hPFT incubation mixtures (100 ^1) r"'^*'4^,'"^~dUhi^ 
phate buffer, pH 7.0. 55 MM Zn^l^S mM M^^- and W 

btoa^s^br^'^rnc^^^^^^^^ 

peptide. Incubatona »J ^it^of ^'din-agaxoae beads 

the addition =^ V'^S «M EDTA 0 5 ^KaCl. and eitn^mM FPP 
'"^^^PpTrle hm and^^^^^^ -specti.el.. After incu- 

or GGPP for the ntr i thAboada were washed as deacnbad 

Srana filters, and analyzed ^"^^r*^';;, „ inhibitors were 
W.i6irion£rp.rim*n«-PhotaprobM tobe^ ^ 

added from etock. solutions (made baaic with ^ pg, 

taction muturee containing the en^rn^e w.^^^^^^ 

r^-Stm^^I^tre^^^ 

[;!;^l^^.i:;:::rthelS^^^^^^^ 

tor. All kinetic nooly"";'*" TabU I and all figures 
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f,^. .nvvmitic nctiviti- deltfminatioM Aid nol exceed The mean 
Its foACepttTwor, Uk.. for c.cuU.nn of fcnadc p..3n..ce« 

n,ic«centrif,iee tube. ^;f'?'r« ^ir^aSa ed forllO run. Electro 

to .ciMiUation and counted for f„ hPLC 

J!^ol hPFT reaction produm contained m - f^J^^-^l 

. !■ B 1 in« Dotaesium phoaphate buffer, pH 7.0. 0 5 mM M^i*, 9 t^"- 

,r-ia -C Aliouots (SO M fr™ theaa samples were then 

trifluoroac^tic acid in acetomtnle) "^^ "^^2^ and then elul««i with i)i 

^ MatrivLsiated User De.orp.ion Ion.zation Masa Spectrometnr 

Vo^J; BP MAIDI time-offlight maa. spectrometer (?«S*Irt B »- 
TxS^ a positive ion ^nalyab mode uS,ng o-cyono.4.hydroxycm. 
namic acid aa a nvatrix. 

KESUl-TS 

Inhibition of Recombinant Human PFT and PGGT-I by 
tested as L^lbitora of hPFT and hPGGT-I. DATFP-FPP 

2r,oL inhibitor than the ^^r.^j^^ ^^^^^^, 
with inhibitory propertiei. sinubr to DA.TFP.GPP. The e iec 
Sness of these inhibitors on hPGGT-I ^""l*;; ^J^^' 
inhibited with bPFTe«eptthatDATFP.GPP^ 

inhibitor than the shorter an^logjie D^J^^™™j^^^^^ 
Inhibition of Recombinant hPFT ''^'^ ^^^^^'I^^'^' L 
FPP-VoMe reciprocal plots of the ^^^i-ties of hPFT m^^^ 
presence of twodifferent concentrations ofDATTPTPP^ 
competitive inhibition (Fig- 2A) with a K< of 100 J^>^ 
value was only slif hUy higher than the "t^"*^**?^^- ^gj^. 
for FPP. which was determined in * V.?"^7^f;S5^Si.?S> 
ilarly hPGGT.I waa competitively inhibited "AT^r rrr 
S K value of 16 nM, whereas the -tiniatedK val^e of 1 
n>, was ibeerved for its isoprenoid substrate, 

The inhibition kinetics could also be » '«^J«'*,^",.f^^*^ 
fi,nrHQn of the DATFP-derivatives as alternative substrates. 
Suet f^^--" the reaction of the DATFP-denvahves 
Z peptide ^rtth hPFT was assessed by two 'J^^^P^^"* J^^^ 
ods. No detectable product appearance or loss ^^^^^^^J 

JTs observed by HPLC -^f^U' nJ^FTG^P o?i)5FT 
dures■' for detaibl when DATFP-FPP. DATFP-GPP, or D^^^^^^ 

DMAPP was used as an altemativs prenyl donor. At least 5 
Ll of a pfonylated peptide could 1^*- ^^^^^^^^^^ 
method of analysis. As a positive control, ^^^^jll^^'^l 
unbiotinylated KTKCVIS were Incubated with hPFT over a e ri 
STttme dependent loss of KTKCVIS (elution time = 1. 
S and appearance of a product peak (elution time = 27 mm) 
Zl observed. At the end of the incubation, *c ^^^"J 
tide was completely consumed. The nature of the HPLC pun- 
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P,a 1 InhibUion of hPTT and hPCGT-1 by varioiK DATFP- 

»Sp 1.5 V« Bt-KKFFCAIL, and different -f^J^^^^: 
FM' (n DATf P-GPP (•). DATPP-DMAP? (O). and DaTFP-FMP (V). 

fied product was eatabUshed by ^4ALDI-MS analysis. A parent 
molecular ion [M + H]t of 983 mass uiiita. which =on^sponds 
to the expected mass for a f»nvesylated peptide, was obtained. 
NIALDI-MS analysis of a whole incubation nuxt«« without 
J^equeit HPLC purification also showed the -PP«--^- 
famesylated peptide. These experiments show that DATFT 

F^'cLot -irv'e as a -^^^-^ One 
bPPT despite a low value of hPFT for DATFP-FPP. One 
SudtThen that DATFP-FPP behaved as a dead 'nd i^^ 
Uor in the kinetic experiments shown on Fig. 2A. An altema- 
Se ^^d more aensiiive method of analysis w^used to test 
?>WdSfTgPP as a potential substrato for hPFT. Incubation 
if^^T vrith I'HIDATFP-GPP and Bt-KIKCVIS showed no 
feSe I'diiSed product using the st«.d^^«^ 
a^say. The conclusions from this expetiaent support the tod^ 
from IffLC analysis, but are tempered by *e ^« ^ 
GPP was not as good an inhibitor of l^^T as DATFP-FPP. 

with /«PJDArFP.FPP-Photoly3is °f ^1^^^^;^, 'Vied 
wesence of recombinant humsn protein prenyltoanaferases led 
rs^SicradiolabelingofJe^sub^^^^^^ 

3-,. In the absence of '"-t-^if '^''."J"^^^^^^ 
obser^'ed (data not shewn). The P»^°'°;^*^^« J^^^ich is 
by the absence of a peptide substrate (Fig- ^^^'^^Jl,,^. 
consistent with the random order of substrate bin^g 
Tus y postulated for hPFT (37) and ^'^^^f^'^^^^pc^T.I 
Selective Inhibition of Photolabehng ofhPFTand hPGGI 
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Fic.2. Doubl* reciprocal plots of the a<^^i^^£^„^ 
hPCCT-I in the pwsencc of Inhibitor DATFP-FPP. hPfT" and 
hPCGT-I were aaaaysd m described under "Bxperiroental Procedures 
using CA) 2 ng/ml recombinant hPET, 10 ^ B^-K^K^xS^'J^^^^^! 
r*HlFPP and 0 nM (O). 66.7 nM f#). and 200 nM (^J DATTP-FPP, and 
5) 1.7 ng/ml of recombinant hPOGM. 2 plM KKFFCML. vanftble 
C^HIGGPP and 0 n.M (0). 22.2 nM (•), and 66.7 nM (V) DATFP-FPP. 

by Pr&nyl Diphosphare Si/6s<rai<?5— PreiiKubation of hPFT and 
hPGGT-I with the appropriate prenyl diphosphate substrate 
resulted in almoat complete inhibition of photolabeling (Fig. 3). 
The protective effect of the natural aubatrate (FPP in th9 case 
of hPFT, lane 3\ or GGPP for hPGGT. lane 4') was substan- 
tially stronger than that of the alternative prenyl diphosphate. 
Tne inhibitory results described in Fig. 3 were obtainod wth 
relatively high concentrationa of FPP and GGPP. Therefore, a 
more quantitative comparison of the relative effectiveness of 
FPP and GGPP aa inhibitors of the cross-linking was evaluated 
at about 10 times lower concentrationa of prenyl diphoephates 
and radiolabeled probe (Fig. 4j. Photolabeling of the 0-aubunits 
of hPFT and hPGGT was strongly inhibited with 1.67 mm FPP 
and GGPP, respectively, while 6.7 fUA GGPP and FPP in the 
corresponding cases had markedly less effect. The natural pre- 
nyl diphosphate substrates were clearly much better inhibitors 
for their respective protein prenyltransferases. This suggests 
that the photoprobe binds specifically to the prenyl diphos- 
phate substrate binding domain of each enzyme. 

Weak but noticeable nonspecific radiolabeling of the a-sub- 
units of the eniymes was also observed (see Figs. 3 and 4), 



although the level of nonspecific labeling varied from prepara- 
tion to preparation of the photoprobe. The level of a-subunit 
labeling was not affected by the presence of isoprcnoid sub- 
strates in photolysis incubations and it appeared to be similar 
to that observed for the /3-3ubuniU under conditions where the 
concentrations of inhibiting isoprenoid substrata were very 
high. 

The level of photolabeling of the ^-subunits of both hPFT and 
hPCfGT-I increased with increasing concentrations of 
['^PIDATFP-FPP and was saturable (data not shown). The 
apparent relative affinities of the prenyltransferases for 
DATFP-FPP oenus their natural prenyl diphosphate sub- 
strates were also esitimated indirectly by detennining the de- 
pendence of inhibition of th« radiolabeling of the p-subunits on 
the concentrations of FPP and GGPP. Prenyl diphosphate con- 
centrations which gave 50% inhibition of j9-subunit photolabel- 
ing at 2.2 /iJrf ["PJDATFP-FPP were 0.4 m FPP and 1.1 mm 
GGPP, respectively, for hPFT and hPGGT-I (data not shown). 
Therefore, the photoprobe binds well to both enzymes but with 
an affinity which i;j poorer compared lo FPP (for hPFT) and 
comparable to GGPP (for hPGGT-I). 

DISCUSSION 

The application of photoafSnity labeling to the study of pre- 
nyltransferasea offers the possibility of exploring the active 
sites of these enzymee. This points to the need to develop 
photoreactive iaoprenoid analogues which react specifically 
with different prenyl diphosphate binding domains. Brems and 
Killing (38) showed the potential of using phot<jrcactive iaopre- * 
noid analogues as probea of prenyltransferases by demonstrat- 
ing that ['H]o-azidophenylethyl diphosphate labeled the iso- 
pentenyl diphoGphate binding site of avian liver FPP synthase. 
Our approach has been to synthesize analogues of the allylic 
prenyl diphosphatii substrate where the cu-isoprene residue 
was replaced by the photoreactive DATFP group. Previoue 
vork described the synthesis of diaiotrifluoropropionyloxy de- 
rivatives of dimethylallyl and geranyl diphosphate (I, n = 0, 1) 
as analogues of GPP and FPP. respectively (21). The planar 
configuration of tho diazoacyl group was expected to mimic an 
isoprene unit having a rigid arrangemont of substituents 
around the double bond. The effectiveness of DATFP-GPP as 
an inhibitory analogue of FPP has been deecribed for several 
prenyltransferases (21-2S» 39). Recently. [^H]DATFP-GPP and 
[^H]DATFP-FPP have been used to photolabel the ^subunits 
of recombinant hPFT (S) aiid purified bovine brain PGGT-I 
(24), respectively. 

We have now shown that both hPFT and hPGGT-I were 
strongly inhibited by DATFP-FPP, whereas the shorter chain 
analogues DATH'-GPP and DATFP-DMAPP were much 
poorer inhibitors. Furthermore, the monophoaphate ester of 
the geranylgeranyl analogue, DATFP-F\IP, was also a poor 
inhibitor. One would conclude then that the diphosphate moi- 
etv and a Upid moiety, at least aa long as the DATFP.famesyl 
gwup, aro necessary for exhibiting strong inhibitory propor- 
liea. Surprisingly, DATFP-FPP. the putative GGPP analogue, 
was a better inhibitor of hPPT than the FPP analogue DATFP- 
GPP. This might suggest that hPFT recognizes the famesyl 
moiety of DATFP-FPP and binds it more tightly than the 
DATFP-geranyl moiety of DATFP-GPP. 

The apparent binding affinities of DATFP-FPP for hPFT and 
hPGGT-I were estimated by two methods: 1) kinetic analysis of 
inhibition of prenyltranaferase activity by the photoprobe and 
2} analysis of tho concentration-dependent inhibition of enzyme 
photolabeling by the natural substratea FPP and GGPP. 
DATFP-FPP was a competitive inhibitor of both hPFT and 
hPGGT.I. The Ki (100 nM) of hPFT for DATFP-FPP, deter- 
mined kinetically, was 5 times higher than the for FPP. 
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TabI-E I 
Kinetic consfanw 



hPFT 




Subfiiratfi (inhilhior) 










FPP 


GOPF 










hPFT 


0.10 


0.02 


0.015 


hPGGT.l 


0.018 





I 1.67 6.7 
CCPP 

fllpna-»ubun;^ [" 1 ae^i-subyn 



8,7 1«.7 uM 
FPP 



Fto. 4. Comparison of the inhibitoTy effect of 0^- and C„- 
allylic diphosphates oc the photo labeling of the hPFT aiid 
hPGOT-l by ("P]BATrP-FPP. hPFT ((op) and hPOGT-I (6o«omX 2 
^ff e«K, wer« irradiated for 16 min at 4-C urith 3.8 mm ["PIDaTFP- 
FPP (1 Ci/mmol) in a 42 mM pocaaaium pKogpbaw buffer containing 3 
nM MgCU, 33 pM ZnCL,, and different concentrations of FPP and 
GGPP. The concentration of FPP or GGPP is shown helom the $T^ph 
The ft- {filled h<xn) ar.d ^aubunitfi (open 6arj) were »epftrac€d on a 10* 
Trie-Trifiine poly acrrl amide gfdl and counted for radioactivity. 

whereas, the (18 nhl) of hPGGT-I for DATFP-FPP was about 
the same as the for GGPP (Table I). The values observed 
here are comparable to thoae previously reported for the^e 
enzymes (5, 34). Analyses of probe aflimty for the enzymes by 
the indirect method, where inhibition of photolabeling of hPFT 
and hPGGT-I by FPP and GGPP waa assessed, also showed 
that relative differences in affinity between DATFP-FPP and 
the natural substxatea were similar to the ratios o[ KJK^ for 
these compounds. Therefore, the afTinities of DATFP-FPP for 
hPFT and hPGGT-I were eomewhat less than either of the 
natural substrates. Nevertheless, DATFP-FPP binds competi- 
tively and tightly to both enzymes. 

The mode of involvement of protein subunits or their respec- 
tive amino acids residues in the active sites of prenyltrans- 
ferases in general has not been establithed, although the first 
cr>etal structure for a prenyltransferase, FPP synthase, has 
now been reported (40). Radiolabeled photoanalogrues of pre- 



nyltransfsrase substrates have the potential to identify key 
features of tho protein structure of prenyltransferaaes. The 
FPP analogue. [^H]DATFP-GPP, has already been shown to 
photolabel two other prenyltransferases (22. 41) in addition to 
the ^-aiibunits of hPFT (5) and hPGCT-I (24). The aynthesie of 
the GGPP analogues, [^H]- and C^^]DATFP-FPP. has now 
made it possible to also photolabel purified bovine brain (24) 
and recombinant human PGGT-L Heavy labeline of the 0-aub- 
units of these anzymes, in contrast to the weaker nonspecific 
labeling of the a-subunits, points to the specificity of the cross- 
linking procedure. Effective inhibition of labeling of the respec- 
tive prenyltransferases by their prenyl diphosphate substratoe 
and poor inhibition by the prenyl diphosphate substrate of the 
other protein prenyltransferase clearly ahowa that the phot^>- 
probe is directed toward the active site or "substrate binding 
site" and not some other hydrophobic environment on the 
jj-subunit. Therefore, demonstrating that DATFP-FPP is a 
competitive inhibitor of the natural allylic diphoophate sub- 
strates for the protein prenyltransferaees and showing that 
inhibition of labeling of the /^subunits of both hPFT and 
hPGOT-I is specific for the prenyl diphosphate substrate leads 
to the conclusion that the ^-eubunita of these protein prenyl- 
transferases are involved in the specific recognition and bind- 
ing of the prenyl diphosphate substrate. The mode of associa- 
tion of the prenyl diphosphate with subunits of rab PGGT still 
remains to be established. 

The labelinij of the g-aubunit with the isoprenoid related 
probes is consistent with prex-ious photo-croas-linking results 
which showed that both peptide and protein substrates can 
interact with the /3-subunit of PFT (42, 43). These probes now 
ofTer the opportunity to identify specific amino acid residues in 
the isoprenoid and peptide binding domains of these enzymes. 
The ^^P-labehtd photoprobes offer some advantages over the 
J^H-labeled probes for peptide localization and analysis because 
they are more readily detectable. In addition, the ^'P-labeled 
probes can be easily prepared because phosphorylation ie the 
last step in the synthesis. Identification of crosa-linked amino 
acid residues would provide potential targets for a variety of 
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approaches to precisely define critical residue* which are m- 
volved in catalysis and determining the specificity of isoprenoid 
substrate binding. Such approaches might include site-chrertad 
mutagenesU and the design of other reactive prenyl diphos- 
phate analogues . Since both hPFT and hPGGT-I show a toler- 
ance for alterations in the structure of the .-isoprone unit 
when binding prenyl diphosphate analogues, new isoprenoid 
based analogues might be designed with more effective and 
site-specific functional groups attached at the D-tenninus. One 
approach could be to incorporate subsUtuents vhieh are chem- 
ically reactive with specific amino acid residues. One can also 
envision the use of such pbotoprobes to map the binding sites of 
other prenyltransferases and enzjTnes that metabolize prenyl 
diphosphates. The synthesis of appropriate isoprenoid ana- 
logues could bring new perspective to studies on proteins in- 
volved inprenyUted protein biosyntheeis and function such as 
COOH-tarminal proteases, methyl transferases, and preny- 
lated protein binding proteins. 

Ackn^Udsermntt-iOO MHj mnr DQFCOSY and NOESY experi- 
„.^ttCre krted out by John West at the Center for Sttveturel 
B^^rU^v^Sj- of Florida. MADU-MS ^alysis wa, done ^Huang 
P K^^en. Protein Chenvioto" C<.Te of ICBR, Ln.vera.ty of Florida. 
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a-Cyanocinnamide Derivatives: A New Family of Non-Peptide, 
Non-Sulfhydryl Inhibitors of Ras Famesylation 
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Introduction 

The Ras proteins are a class of pJasma membrane asso- 
ciated G-proieins that act as a molcc.ilar sw.tch .n noi- 
ma^^ and pathogenic mitogenic s.gt»a hng pa hv^ay 
SJoss the cell membrane. Point mutations m he ras 
oncogenes which lock the Ras switch m its i^ft'l^ OTP- 
Sound state are found in 40% of all cancers. -^^ The Ras 
protein is localized to the inner leaflet of the plasma 
S^ane. Anchoring .0 th. --^^-«J,£St 

through a series of P°^^-^' '^".'''^^'°"!' fr'^J 
directed by its carboxy termmal CAAX motif 
cistc ne. A-aliphatic. X-methionine or serme). which .s 
Srnesylated afthe cysteine residue by the proicm Ra. 
aS transferase (FT). After a subsequent proteolytic 
Loval of the three C-termina ammo ac.ds the fa mc- 
sylated cysteine residue is methyl estcrified.'' The initial 
famesylation is a prerequisite for all subsequent cova- 
lent modifications.* 

The biological role of Ras prcnylation has been exten- 
S ly stud «d; the modification of Ras with a specific 
Soprenoid is required for hSOS promoted guanme 
nucleotide exchange.' and the activation of RaM. 
B-Raf and ERK.'-' Moreover, membrane locahzation 
of Ras is essenUal for its normal function and the 
S-ansforming activity of its oncogenic version ' 
?S;s Serins with the Ras pathway by inhibiting 
Ss fwncsylation and membrane localization was 



• Corrtiponding auLlior. 
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Although biological efl-ccis exerted by FT inhibitors 
were correlated with their ability to abolish Ras mem- 
brane anchorage, several lines of evidence s"gge^» 'hat 
the biological effects of FT inhibitors arc niediated b> 
the inhibition of famesylation of proteins other than 
Ras, like Rho B."-'' 

Despite the open questions concerning the mechanism 
of action of FT inhibitors, experimental dau obtained 
in the past four years has clearly demonsiated ibcir 
bioloeical activity. FT inhibitors cause reversal ot Ras 
induced transformation in intact cells,'*" « inhibition of 
Ras tumor growth in nude mice'*"" and tumor regres- 
sion in Ha-Ras transgenic animals,-^ with minimal loxic 
effects. These findings strongly support the use oi f 1 
inhibitors as potential anticancer drugs. 

Analysis of the crystal structure of FT shows that it 
possesses a bound zinc ion within an open coordination 
sphere that includes a water molecule, suggesung a ca - 
alytic function as opposed to the closed spheres chai- 
aSeristic of structural metal ions The cryitallographic 
data also indicates that *e sulfhydryl group m e 
CAAX motif is localized m close proximity to tho ziik 
atom and adjacent to the farnesylpyrophosphat. a 
phosphate.^^ Accordingly, in CAAX ^notil pcptidic 
Lalogues the cysteine residue confers improved potency 
to the inhibitor.^^^ However, the sulfhydryl moicty ha,s 
been replaced with various degrees of success m vanou.s 

Lid. All tights re.<erv«d. 
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pcptidic derivaiivcs'^^^'f -J" and is not present in sonic 
non-peptide inhibitors.^ --^^ 

In this study wc report on the J'ljJ^jPf 
of a new class of non-pepcjde, uon-sulfhydryl FT inhi- 
bitors based on the a-cyano-dnnamide structure. These 
compounds exhibit FT inhibition activity m vitro and in 
intact cells. The structuro-activity relationship of a- 
cyano-cinnamide derivatives selectivity «ud.^ o FT 
versus geranyl-geranyl transferase type I (GGT I) inhi- 
bition 3*-^' and their biological activities are deicnbed. 



Results and Discussion 
cx-Cyano-cinnamide derivatives design 

With the aim to design non-peptidc FT inhibitors lacking 
a sulfhydryl group we first synthesized a series of CAAX 
peptides in which the cysteine r«.due was replaced by 
various groups with different affinities awards Zn 
(data not shown). A direct correlation was observed 
between the chelating capability to the inhibitory activity 
towards FT. The best inhibitor of this scries was H\ FM 

with an IC« of 12nM. in '^S^.<«'"«"V'l^X?ncSdfc 
results in which the cysteine residue in CAAX pcptidic 
analogues was replaced by histidme. 

Since tyrosine kinase inhibitors from the lyrphostin family 
which are hydroxy derivatives of a-cyanocinnamide were 
shown to be tyrosine mimic$,^° we choic as a non-pep- 
tidic scaffold the a-cyanocinnamide structure with the 
assumption that it will potentially mim.c the phenylala- 
nine residue in the potent CVFM peptide inhibitor. 

a-Cyanocinnamide derivatives P«P"'f. J^, „t 

straight-forward synthesis (Fig. I); phenohc aldehydes 
were reacted with excess a.to-dibromoalkancs and the 
monobromo product puri6ed by ^hroniatography^^^^^ 
various thio-analogues were prepared from these bromo 
compounds and the corresponding njercapto-hetcro- 
cvcles which were then condensed in the knoevcnagel 
«actU>n with aryl cvano-acetamides" or benzyl cyano- 
aSdes (prepared analogueously). Yields were not 
Optimized. 

The inhibitory activity of a series of ^ompou^^^^^^ 

on the a-cyanocinnamide structure substituted ^.lth 
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imidazole and related heterocyclic groups is shown in 
Table L The most efTeaive compound was the '^^jaazole 
substituted a-cvanocinnaroidc (3) with an IC50 ofi 1 -5 nM 
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Next we examined the optimal length of the alkyl hnkcr 
between the pharmacophore and the onnamide ring 
and the optimal position on that rmg (Table 2). The 
most effective analogues had linkers m position onho 
and meta with an optimal length of 3 and 4 methylenes. 
These inhibitors showed an IQo of '^.S and 11.5 
for the imidazole derivatives (compounds 10 and 3. 
respectively) and 36.6 and 33.3 (iM for the benzimida- 
zole analogues (compounds 5 and 2. respectively). 

In order to further explore the binding pocket of the 
inhibitors a phenyl (14) and benzyl (29) derivatives of 
compound 10 were prepared. While the benzyl ring 
improved the inhibitory activity twofold (ICjo of 
10 3nM) the phenyl ring has a deleterious fe" 'com- 
pared to the parental compound (IC;o ol l&.^^livl;. 
Further examination of phenyl and benzyl amide deri- 
vatives yielded two different families in which the rines 
were systematically substituted with chemically different 
croups (Tabic 3). The most potent compound from this 
series was 26, which inhibited FT with an ICsn ot 
1.8 nM. 

Interestingly, substitutions of different chemical nature 
in the phenyl ring at position R2 like the polar carboxyl 
in compound 13 (IC<o 12.1 ^M) or CI in compound 12 
aCw 7uM) gave analogues with similar inhibitory 
activities (Table 3). Free rotation of the phenyl ring m 
space suggest.'! the pos-^ibility that these substitucnts are 
oriented to opposite sites in the same pocket A simUar 
result was obtained in CAAX non-peptidic analogues. 

As a preliminary test of this hypothesis we prepared the 
phenyl imidazole derivatives with the double substitution 

Tabic 1 Imidazole and related substiiuiiofti of u-cyanocinnumidi. In 
viiro 1CJ0.^ ogainsi FT ars reported for c«h compound. E>=h "su : 
,epr«enii lejulis of iwo to four tc^U. A««ys »'er« eonducicd as 
described in Experimenul 
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Figure 1. A general scheme for ihc synthesis of c-cyanodanBrnidc 
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Tabic 2. Opiimizauon of linker positioning and length in bcn^^iini. 
dftzoic and iniida^olc Uerivaiivcs of a-c>'anocinnumidc. In vitro ICjqS 
agamsi FT arc rcporied for each compound. Eacli rcsuU represciiU 
rcjulis of two 10 four icsu; Asyay? wcrt conducted as descrit^cd m 
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124 
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FT 
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17.5 

FT 
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3 4 and 3.5-chloro.carboxy. These compounds inhibited 
the FT reaction with an TC50 of 50.6 and 40 (18 and 
2^ respectively) fTabJc 3). This negative result imphes 
chat the geometry of the hydrophobic and carboxyhc 
subpockets within this cleft requires a much more Ocx- 
ible structure than the phenyl ring to reach both sites 
simuluneously. Further work is in progress to examine 
this hypothesis. 

Although compound 10, which is the core of the inhi- 
bitors described, was designed to mimic the HVF por- 
tion of the HVFM peptide, the molecular structure of 
the FT inhibitors developed differ markedly from the 
CAAX motif Therefore we studied the kinetics of the 
FT inhibition by the most potent in viiro inhibitor, 26. 
Inhibition modalities other than Ras competition would 
indicate a binding site different from the catalytic 
pocket 10 which the inhibitors were targeted based on 
theoretical cosidcrations. Compound 26 is a pure com- 
petitive inhibitor of FT with respect to the Ras protein 
and mixed competitive with respect to farnesy pyro- 
phosphate, as shown by the double reciprocal plots (1/ 
V versus I/[S]) and the slope rcplots (slope versus [I]) 
(Fi''. 2). The intersection of the reciprocal plots below 
the°l/FPP axis means that the constant affeaing K, and 
KFFP resulting from the mutual influence between FPP 
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and the inhibitor is <l. The inhibition pattern of 
CAAX alternative substrates was found to be pure 
competitive with respect to Ras and non-competitive 
with respect to FFP."*^ Although the mechanism of 
inhibition of compound 26 implies a difTerent space 
orientation within the active site than CAAX alternative 
substrates it indicates that the inhibitor binds to the 
catalytic pocket as expected. 

Inhibition of FT versus GGT I 

Early studies showed that the closely FT related prenyl 
transferase GGT I transfers a geranyl-gcranyl group to 
CAAX contamine sequences where X is preferably leu- 
cine or phenylalanine.^^' Since geranyl-geranylation of 
normal proteins is 5-10 times more common than far- 
nesylation,^^-*^'*'' the common assumption was that a 
compound displaying a strong selectivity towards FT 
will have the advantage of reduced side elTcas than a 
more general prenylatlon inhibitor. Howe\'er, the dis- 
covery that in cells resistant to FT inhibitors the K- and 
N-Ras isoforms become ecranyl-gcranylated by GGT 
V^-^"^ and the ability of geranyl-geranylation inhibitors 
to block platelet-derived and epidermal growth factor 
dependent tyrosine phosphorylation," and to block 
cells at GO/Gl^^'^^ has aroused new interest in this more 
ubiquitous prenyl transferase reaction. 

A selectivity study of some FT inhibitors described here 
was performed by testing their inhibitory activity 
towards GGT 1 (Table 4). Most of the compound.-i tes- 
ted inhibit both enzymes in vitro at comparable con- 
centrations, (0.2-5 selectivity factor), with the highest 
factor of selectivity towards FT (selectivity factor = 33) 
observed for compound 26. Similar to other series of FT 
inhibitors-^-^^*^** selectivity was achieved despite the lack 
of a structural dement clearly corresponding to the 
specificity determining X residue in the CAAX motif. 

Biolot'ical results 

Compounds 13, 26, and 29 were tested for their ability 
to inhibit protein preuylation in intact cells. Com- 
pounds 13 and 26 completely inhibit Ras farncsylation 
at a concentration of 120 ^M, Rap-1 geranyl-geranyla- 
tion was not affected at the same concentrations 
(Fig. 3). The effect of these compounds on cell growth 
was assessed on a LIM1899 colon carcinoma cell line 
expressing a mutant K-Ras(Gly'^-*Cy5^^), NIH3T3 
and v.H-Ras transformed NIH3T3 cell lines (Table 5). 
The IC50S obtained (TO-lSOpiM) are in correlation with 
the concentrations required for FT inhibition in whole 
cells. Previously it was reported that in K-Ras trans- 
formed cells resistance to FT inhibitors could be 
attributed to K-Ras geranyl-geranylation/'^ however, 
LIMIS99 cells which express a mutated K-Ras were 
inhibited to the same extent as NIH3T3 cells trans- 
formed with v-H-Ras and normal KIH3T3 cells (Tabic 
5). Compound 26 (AGR 129) also inhibited colony for- 
mation in soft agar of v-H-Ras transformed NIH3T3 
cells (Fig. 4). At 100 ^iM, the concentration required for 
complete inhibition of FT in whole cells, a 75% inhibi- 
tion of colony formation was observed. 
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Conclusions 



Imidazole derivatives of a-cyano-cinnamidc constitute a 
novel diss of non-peptidic. non-sulfhydryl FT inhibi- 
tors The most potent inhibitors of this class inhibit FT 
with IC<o values at the lov^ micromolar range and arc 
targeted to the catalytic site of the FT enzyme. Thca^ 
compounds inhibit both the farnesylation of Ras in 
intact cells and the cell growth of cells harboring muta- 
ted v-H-Ras and K-Ras(Gly^^-^Cys'^). 



Experimental 
General chemical procedures 

All starting materials were purchased from Aldrich. 
NMR spectra were recorded on a Bruker 300 pulsed FT 
spcctromeier. Chemical shifts are in ppm relative to 
TMS internal standard. Mass spectra were recorded 
with a MAT311 instrument. Combustion analyses for 
all new compounds were within 0.4% of the theoretical 
value. Work up means adding to water, extracting with 
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dichloromethanc (or with ethyl acetate when indicated), 
drying the organic phase and evaporating to dryness. 

Compound 1. (a). Bromo aldehyde. 25 g, 0.2 M, 3-hy- 
droxy bcnzaldehydc, 70 g, 0.32 M. 1,4-dibromo but^s. 
and 17 g KOH in 150mL ethanol were rcnuxed 18h. 
Work up and chromatography (silica gel, 70-230 mesh, 
clution with CH1CI2) gave 10.3 s. 20°/' yie^. white oiK 
NMR (CDClj) 5 9.97 (IH. s, CHO). 7.40 (3H, m), 7.18 
(IH, m), 4.06 (2H. t. /=6.0Hz), 3.50 (2H. t,/=6.0HzJ 
2 0 (4H m). (b) Benzothiazole aldehyde. 0,5 g. 2.2 mM, 
of the above bromo aldehyde, 0.38 g, 2.3 mM. 2-nier- 
capto benzothiazole. and 0.2 g KOH in 30 mL eihano 
were stirred 19h at room temperature. Work up (HCl 
and EtAc) and chromatography gave after trituration 
with benzene-hexane 0.1 1 g. 37% yield, white sohd inp 
104'C. NMR (CDCI3) 0 9.95 (IH, s, CHO), 7.60 (4H. 
m), 7.40 (3H, m). 7.22 (IH. m), 4.03 (2H t./= 6.0Hz), 
(2H; t, /=6.0H2), 2.10 (4H, m). (c) 170mg^ 
0 5mM lb. 50 mg, 0.6 mM, cyano acetamide, and 
15mg p-a!anine in 15mL ethanol were refluxcd 4h. 



Ti>blt 4. A comparison of FT and OCT 1 it. viiro inhibitoty aciiviiy 
by seletied inhibitor*. Selectivity factor i$ c.pressed as the ratio ol' the 
GGT 1 to FT inhibitoi7 activiies 
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29 



FT 


GGT I 


Sclcciiviiy 






facior 


11.5 


55.6 


A,1 


7 


9.2 


1.3 


12.1 


-32.6 


3.5 


16.3 


7.2 


0.4 


16 


6.7 


0.3 


40 


7.5 


0.2 




59.3 


33 
1.3 


12.8 


19.5 


4.3 


15.8 


3.7 


10.6 


19.3 





Evaporation and recrystalization from benzene gave 
125 mij, 61% yield, white solid, rap \15'C. NMR 
(DMSO-di) 5 8.22 (IH, s, vinyl). 7.65 (4H, m). 7.30 (4H, 
m). 4.10 (2H, t, 7=5.8 Hz). 3.68 (2H, t, 7= 5.8 Hz), 2.12 
(4H. m). 
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FiL-ure 3. Effect of a-c7unocinnamidc dcriviiiivcs oa post-triiniilauonal 
proccsjing of Ras aod RaplA/K-rtv. v.H-Ra.^ iransformed NtH3T3 
cclJs were trcuicd with the indicated compoynds at u conccntrauou of 
UOm for 4jt h or vehicle alone (control). Cell extracts were separMcd 
by SDS-Pag<: (40 tie of protcin/lane) And visualized by western blot. (A) 
v-H-Ras- (B) RaplA. P, prcnylutcd proteins; V, unprenylated prounn. 
Compound 13 = AGR142. compound 29^AGR142. compound 
26-AGR129. 

TnWe 5. Cell growth inhibition. Inhibiiious are ciprcsscd as IC^s in 
^iM- <3T3=N1H3T3. vRi.t = v.H-Ras transformed NIH3T3, HM- 



Compound no. 


3T3 




LIM 


13 
26 


96 


SO 


73 


186 


152 


100 



Compound 2. (a). 1.6 g, 6.2 mM, bromo aldehyde la, 1 g, 
6.5 mM, 2.mcrcapto benzimidarole, and 1 g, 10 mM, 
Et3N in 30 mL ethanol were stirred 26 h ai room tem- 
perature. Work up and rccrysialization from benzene 
gave 0 6°- 30% yield, viscous solid. NMR (acetone-rfc) 
5 10.0 *(1H. s. CHO), 7.50 (4H. m), 7.25 (4H, m), 4.18 
(2H, t, y-6.0H2), 3.86 (2H. t, 7 = 6.0 Hz). 2.2 (4H, m). 
(b) 310mg. 0.95 mM, 2a, 84 mg, 1 niM cyano aceiamide, 
and 1 5 mg (5-alaninc in 20 mL ethanol were refluxcd S h. 
Evaporation and trituration in acetone-hexane gave 
200 mg lighc-yellow solid, 54% yield, mp 154'C. NMR 
(aeetone-^,) 5 8.28 (IH, vinyl), 7.63 (4H. m) r30 
m, m), 4.15 (2H, t, 7=6.0 Hz), 3.72 (2H, i, 6.0Hz), 
2.10 (4H,m). 

Compound 3. (a). 1.6- 6.2 mM, la, 0.67 g, 6.7 mM, 2- 
mercapto imidazole, and 0.5 KOH in 30 mL ethanol 
were stirred 20 h at ambient temperature. Work up and 
chromatography gave after trituration from acetonc- 
hexanc 540 mg, 32% yield, white sohd mp 165 C. 
NMR (CDCh) 6 11.17 (IH, br.s. NH) 9.93 (IH s, 
CHO), 7.4 (3H, m), 7.15 (2H, s, imidazole), 7.10 (IH, 



m), 3.93 (2H, t, ;-5.7H2), 3.05 (2H, ./= 5.7 Hz). 1.60 
(4H, m). (b) 260 mg, 0.93 mM, 3a, 84 mg, 1 mM, cyano 
aceiamide, and 15mg (i-alanine in 20niL ethanol were 
refluxed 3h. Work up and trituration with acetone- 
hcxane gave 150mg, 47% yield, white solid, mp )62'C. 
NMR (acetone-i/<s) 5 8.18 (IH, 5, vinyl), 7,45 (3H, m), 
7.12 (2H. s), 7.03 (IH, m), 3.90 (2H, t, 7- 5.8 Hz), 3.10 
(2R t, 7^ 5.8 Hz), 1.70 (4H, m). 

Compound 4. (a). Bromo aldehyde. 7g. 57 mM, salicyl 
aldehyde, 15g, 80 mM. dibromo ethane, and 7g KOH 
in 30 mL water and 50 mL ethanol were refluxed 20 h. 
Work up and chromatography gave 0.83 g. 6% yield, 
white oil. NMR (CDCU) 5 9.95 (IH, s, CHO), lAO (4H, 
m), 4.33 (2H, t, 7=6.0 Hz), 3.62 (2H, t, 7- 6.0 Hz), (b) 
0.8 g, 3.5mM, 4a, 0-5 g, 3.3mM, 2-mereapto benzimi- 
dazole, and 0.2 g KOH in 30 mL ethanol were stirred ai 
room temperature 14h. Work up and trituration in 
CHjClT-hexanc gave 0.45 g, 44% yield, oily solid. NMR 
(acetone-^e) o 9.93 (IH, s. CHO), 7.53 (4H. m). 7.30 (4H, 
m), 4.45 (2R t, 7 = 6.0 Hz), 3.72 (2H. t. 7-6.OH2). (c) 
4a0mg, 1.3 mM, 4b, 130mg, 1.5mM, cyano acetamidc, 
and 1 Smg P-alanine in 20 mL ethanol were refluxed 3 h. 
Work up and trituration with acetono-hcxane gave 
120 m', 25% yield, white solid, mp 212*C. NMR (acc- 
toneJc) 6 S.26 (IH, s, vinyl), 7.45 (4H, m). 7.30 (4H. 
m), 4.40 (2H, I. 7-5.8 Hz), 5.60 (2H, t, 7 = 5.8 Hz). 

Compound 5. (a). Bromo aldehyde, 7 - 57 mM, salicyl 
aldehyde, )6g. 79 mM, 1.3-dibromo propane, and I^j. 
KOH in 30 mL water and 50 mL ethanol ^vere refluxed 
24 h Work up and chromatography gave 1.3g, 9% 
yield, while oil. NMR (CDCh) 5 9.95 (IH, s, CHO). 
7.83 (IH, m), 7.55 (IH, m), 7.06 (2H, m). 4.24 (2H, t, 
7::::6.0Hz), 3.62 (2H, t, 7=6.0Hz), 2.40 (2H, qumt, 
7 = 6.0Hz). (b) 0.45g, l.8mM, 5a, 0.2g, )-5mM, 2- 
mercapto benzimidazole, and 0.2 g KOH in 30 mL eth- 
anol were stirred at room temperature 30 h. Work up 
and trituration in CHjClr-hexanc gave 0.29g, 61% 
yield white solid, mp 168X. KMR (acetone-c/e) 6 9.95 
(lH,'s, CHO), 7.53 (4H. m), 7.30 (4H. m), 4.45 (2H, t, 
7 = 6.0Hz), 3.72 (2H. t. 7=6.0Hz), 2.30 (2H, qumt., 
7 = 6.0Hz). (c) I60ms, 0.5mM, 5b. 45mg, 0.5mM. 
cyano aceiamide and Smg p-alanine in 20 mL ethanol 
were refluxed 3 h. Work up and chromatography cave 
40 mg, 21% yield, white solid, mp 77'^C. NMR (acetone- 
J.) 6 8.24 (IH, s. vinyl). 7.48 (4H, m), 7.36 (4H, m), 4.40 
(2H, t, 7=5.8 Hz), 3.60 (2H, t, 7^" 5.8 Hz), 2.30 (2H, 
quint.. 7= 6.0 Hz). 

Compound 6. (a). Bromo aldehyde. 7g, 57 mM, salicyl 
aldehyde, 15 g, 70mM, 1,4-dibromo butane, and 7g 
KOH in 30 mL water and 40 mL ethanol were refluxed 
24 h. Work up and chromatography gave 0.76 g, 5% 
yield, while oil. NMR (CDCI3) 5 9.95 (IH. s, CHO). 
7.42 (4H, m), 4.06 (2H, t, 7= 6.0 Hz), 3.52 (2H, t, 
7- 6.0 Hz), 2.0 (4H, m). (b) 0.73 g, 2.8 mM, 6a. 0.4g. 
2.7mM, 2-mercapto benzimidazole, and 0.2 g KOH m 
30 mL ethanol were stirred at room temperature 14 h. 
Work up and trituration in CH202-hcxane gave 0.6 g, 
65% yield white solid, mp 68"C. NMR (acetonc-r^ 6 
9.95 (IH. s. CHO). 7.53 (4H. m), 7.31 (4H, m). 4.44 
(2H, [, 7= 6.0 Hz), 3.70 (2H, t. 7= 6.0 Hz), 2.30 (2H, m). 
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Sl?^r 12 daytlS 'ti\he nicrccop. nnd photographed, (h) OuM, (b) 25»*M. (c) 50mM, (d) lOO.M. (c) 

166 nM. (f) numbei' of colonics per well plotted uguinst the conccntn^lion of the mhibuor. 

CHO). 7.42 (3H, m). 7.20 (IH, ro), 4.35 (2H, t, 
y=6.0Hz), 3.66 (2H, t. y=6.0Hz). (b) 0.43 g, 2.0 mM, 
7a, 0.25 g, 1.6niiM. 2-mercapio bcnzimidaxolc, and 0.2 g 
KOH in 30 mL cthanol were siirred at room lempera- 
lurc 30 h. V/ork up and triturauon in CHjClz-hexane 
gave O.llS g. 24% yield, while solid, xnp 164^C. NMR 
(acetone-r/o) 5 9.95 (IH, s. CHO). 7.53 (3H, m\ 7.31 
(4H, m), 7.15 (IH, m). 4.44 (2H, U y = 6.0Hz), 3.70 
(2H. t, 7= 6.0 Hz), (c) 105 ms, 0.35 mM, 7b, 30 mg, 
1.5mM, cyano acetamidc, and Smg fJ-alanine in 20 mL 
cthanol were refluxed 6 h. Workup and chromatography 
gave 40 mg, 31% yield, white solid, mp 121''C. NMR 



(c) 400 mg, 1.2 roM. 6b, 130 ms, 1.5mM, cyano acetj- 
amide, and 10 mg ^-alanine in 20 mL ethanol were 
refluxed 3 h. Work up and chromatography gave 120 m^. 
25% yield, white solid, mp 138''C. NMR (acetonc-^/j;) S 
8 28 (IH s, vinyl), 7,48 (4H, m), 7.36 (4H, m), 4.40 (2H, 
t, 7= 5.8 Hz), 3.00 (2H. l, 5.8 Hz), 2,34 (2H, m) 

Compound 7. (a). Bromo aldehyde, 4.9 g, 40 mM, 3-h)| 
droxy benzaldehydc, 12.2 g, 65 mM, 1 ,2-dibromo ethane,, 
and 5g KOH in 40 mL water and 40 mL eihanol were 
refluxed 24 h. Work up and chromatography gave 
I 05 g 1 1 % yield, white oil. NMR (CDCI3) 5 9.97 (IH, 
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(acctone-ifi) 6 8.28 (IH, s» vinyl), 7.50 (3H, m)» 7.38 
(4H, m), 7.20 (IH, m). 4.40 (2H, t, /= 5.9 H2). 3.61 (2H, 
t, /=5.9Hz). 

Compound 8. (a). Bromo aldehyde, 5.1 42TTiIVf, 3-hy- 
droxy benzaldehydc, 14 69 mM. 1 ,3-dibromo propane, 
and 5g KOH in 60 mL water and 50 mL cthanol were 
refluxed 18 h. Work up and chromatography gave 4.3 g» 
33% yield, white oil. NMR (CDOi) 6 9.97 (1 H, s, CHO). 
7.45 (3H, m), 7.18 (IH, m), 4.16 (2H, t, J-6.OH2). 3.62 
(2H, t, y=6.0Hz). 2.34 (2H» quint., 7= 6.0 Hz), (b) 
1.5 g, 6.2 mM, 8a, 0.9 g, 6.0 mM, 2-mercapio benzimi- 
dazole, and 0.2 g KOH in 30 mL ethanol were stirred at 
room temperature 26 h. Work up and chromatography 
gave 0,29 g. 24% yield, viscous oil. NMR (acctone-rf^) 5 
9.95 (IH, s, CHO)> 7.53 (3H, m), 7.30 (4H, m), 7.25 
riH, mX4.43 (2H, t, 7= 6.0Hz), 3,74 (2H, t. 7- 6.0 Hz), 
2.30 (2H, quint., 7=6.0 Hz), (c) 300 mg, 0.96 mM, 8b, 
90 mg, 1.07mM, cyano acctamide, and 5mg 0-alanine 
in 20 mL cthanol were rcCluxcd 3h. Workup and tri- 
turation in CH2Cl2"hexanc gave 160rog. 44% yield, 
white solid, mp 132*C. NMR (acetone-^/o) 5 S.20 (IH, s, 
vinyl), 7.4S (3H, m), 7.36 (4H, m). 7.19 (IH, m), 4.40 
(2H, t, 7= 5.8 Hz), 3.60 (2H, t. 7= 5.8 Hz). 2.30 (2H, 
quint., 7=5.8 Hz). 

Compound 9. (a). Bromo aldehyde. 4.9 g, 40 mM, 3-hy- 
droxy bcnzaldehyde, 12. 6g. 55mM, 1,5-dibromo pen- 
cane, and 5g KOH in 40 mL water and 40 mL ethanol 
were refluxed 20 h. Workup and chromatography gave 
2.7 g, 25% yield, white oil. NMR (CDCh) 5 9.97 (IH, s, 
CHO), 7.40 (3H, m), 7.18 flH. m), 4.03 (2H, t. 7 = 
CO Hz), 3.44 (2H, t, 7= 6.0 Hz), 2.0 (4H, m), 1.7 (2H. 
m). (b) 1.3g, 5.0mM, 9a, 0.6c. 4.0mM, 2-mercapto 
bcnzimidazole, and 0.3 g KOH in 30 mL ethanol were 
stirred at room temperature 23 h. Workup and chroma- 
tography gave 0.5 g, 29% yield, viscous oil. NMR (acc- 
tone-c/fi) 6 9.95 (IH. s, CHO), 7.47 (3H, m), 7.30 (4H, 
m). 7.20 (IH. m). 4.43 (2H, t, 7= 6.0Hz). 3.54 (2H, l, 
7= 6.0 Hz), 2.20 (4H, m). 1.85 (2H. m). (c) 250 mg, 
0.73 mM, 9b, 67 mg, 0.8 mM, cyano acetamidc, and 
5mg p-alanine in 20 mL ethanol were refluxed 8h. 
Work up and trituration in CH2Cl2-hcxane gave 
195 mg, 65% yield, while solid, mp S2'C. NMR (ace- 
tonc-^6) 5 8.25 (IH, vinyl), 7.48 (3H, m), 7.36 (4H, 
m), 7.19 (IH. m), 4.40 (2H, t. 7=5.8H/-), 3.60 (2H, t. 
7= 5.8 Hz), 2.20 (4H, m), 1 .90 (2H, m). 

Compound 10. (a). 0.8 g, 3.3mM. 5a, 0.32g, 3.2mM, 2- 
mcrcapto imidazole, and 0.2 KOH in 30 mL ethanol 
were stirred 20 h at ambient temperature. Work up and 
chromatography gave after trituration from acetone 
hexanc 356 mg, 43% yield, white solid, mp 88*C. NMR 
(CDCla) 5 10.4 (IH, s, CHO). 7.80 (IH, d, 7-7.8 Hz), 
7.54 (IH. t). 7.10 (2H, s, imidazole), 7.04 (IH, t, 7=^ 
7.5 Hz), 6.96 (IH. d, 7= 8.4 Hz), 4.22 (2H, t. 7= 6.0 Hz) 
3.24 (2a t 7= 6.0 Hz). 2.22 (2H, quint.. 7=6.0H;;). (bj 
45mg, 0.17mM, 3a, 20mg, 0.24 mM, cyano acetamidc, 
and 4mg P-alanine in 20 mL ethanol were refluxed 4h. 
Workup and trituration with aceionc-hexane gave 44 mg, 
80% yield, white solid, mp 164^C. NMR (acetonc-c/J 6 
9.0 (IH. s, vinyl), 8.4 (IH, d, 7= 8.2 Hz). 7.50 (IH. t, 
7 = 7.8 Hz), 7.10 (IH. m), 7.07 (2H, s, imidazole), 6.93 



(IH, m). 4.16 (2H, i, 7= 6.0 Hz) 3.28 (2H, t, 7= 6.0Hz), 
2.19 (2H, quint., 7= 6.0 Hz). 

Compounds 11-32. These compoundi were prepared 
from the imidazole aldehyde 5a and the appropriate aryl 
or benzyl cyano acetamide. One illastrating example is 
given to each followed by data to the analogues of its 
group. 

Aryl analogues 11-25 

Compound 12. (a). 4g, 31 mM, 3-Cl aniline, and 4.7 g, 
47 mM, methyl cyanoacetate were heated at 120*'C 
without solvent at open flask, for 1 5 h, the cooled reac- 
tion was chroma tographed directly (silica gel, 70-230 
mesh, clution with dichloromethane) to give 0.92 g, 15% 
yield, white solid, mp 132*C. NMR (acetonc-c/^) o 7.84 
(IH, m). 7.40 (2H. m), 7.16 (IH, m), 3.85 (2H, s). (b) 
41 mg, 0.156mM, 5a, 31 mg, 0.16mM, 12a, and 6mg (3- 
alaninc in 20 mL ethanol were refluxed 4h. Evaporation 
and trituration in CH^CU-hexane gave 60 mg, 87% 
yield, Hght-yellow solid, mp 152''C. NMR (acetone-^/^) 6 
9.06 (IH, 5, vinyl). S.25 (IH, m), 7.82 (IH, m). 7.5-7.0 
(7H, m), 7.10 (2H, s, imidazole), 4.19 (2H, t, 7^ 6.0Hz), 
3.30 (2H, t, 7= 6.0 Hz). 2.22 (2H, quint., 7"^ 6.0 Hz). MS 
m/e 438,440 (M\ 12, 4%), 312 (M-NHAr, 14), 193 
(20), 127 (100). 

.V-Ar>i cyano acetamides. Compound, yield (%), mp 
(X). 11, 19, 127. 13, 25.256. 14. 17. 193. 15, 17, 13S. 16, 
30. 254. 17, 25. 178. 18, 30,222. 19, 47, 132. 20, 6, 138. 
21.7. 158. 22, 7, 112.23, 5, 127. 24, 30. 187. 25. 13,236. 

Compounds 11-25. Compound, yield (%), mp CQ. 11, 
44. 148. 13, 60, 214, 14. 90, 182. 15, 92. 117. 16, 55. 215. 
17, 66. 158. 18. 44, 148. 19, 97, 173. 20, 95, 197. 21. S4. 
159. 22, 43. 133. 23, 50, 145. 24, 38. 170. 25, 42, 192. 



Benzyl analogues 26-32 

Compound 29. (a). 15 mL, 0.14 M, ben>:yl amine, and 
13 mL, 0.14 M, methyl cyanoacetate were heated at 
120*C without solvent at open flask, for 16h, the cooled 
reaction wa.s chromatographcd direaly (silica gel, 70- 
230 mesh, elution with dichloromethane) to give 9.4 g, 
38 yield, while .solid, mp 132X. NMR (CDCI3) 6 ".4 
(5H, m). 4.47 (2H, d, 7= 6.0 Hz), 3.38 (2H, s). (b) 63 mg, 
0.24 mM, 5a, 46 mg, 0.26 mM, 29a, and 6mg P-alamne 
in 20 mL cthanol were refluxed 4h. Evaporation and 
trituration in CH2Cl2-hexanc gave 36 mg, 37% yield, 
light-yellow solid, mp 132"C. NMR facetone-c/e) ^ 9.00 
(IH, s. vinyl), 8.15 (IH, m), 7.82 (IH. m), 7.5-7.0 (7H. 
m), 7.12 (2H, 5. imidazole). 4.52 (2H. d, 7== 5.8 Hz), 4.24 
(2H, t, 7= 6.0Hz), 3.32 (2H, t, 7= 6.0 Hz), 2.26 (2H, 
quint., 7 = 6.0 Hz). 

N-Benzyl cyano aceiamides. Compound, yield (%), mp 
CO. 26. SO. 96. 27. 90, 115. 28, 51, 98. 30, 96, 133. 31^ 
85, 126. 32,81, 134. 

Compounds 26-32. Compound, yield (%), mp (''C). 26. 
43, 172. 27, 57, 147. 28, 53, oil. 30, 47, 141. 31, 41. 89. 
32, 58, 111. 
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Biological assays 

FT and GGT I inhibition assays and proicin processinc 
as^ay in intact cells were conducted as described.^' 
Kineiic assays were performed in the same way as the 
inhibition assays except for adding serial dilutions of tlie 
substrates as indicated in the figure legend. 

Cell growth inhibition assay, NIH3T3, v-H-Ras irans- 
formed NrH3T3 and LIM1899-^ were seeded in 96'\vcJl 
plates (2000 cclh/wcll), after incubation overnight serial 
dilutions of the inhibitors were added. Medium and 
inhibitor solution were replaced every 24 h. After 
growing rhe cells for 3 days ihey were fixed by adding 
glutaraldehyde to a final concentration of 0.5%. 
Plates were washed with DDW, 200 L/\vel]"3 and 
borate buffer, pH 8.5, O.IM. 200 L/well. Plates were 
incubated for 60min at room temperatures with 
methylene blue 1%, lOOmL/wel), in borate buffer (pH 
0.1 M) and washed in DDW until background was 
cleared. After drying the dye was dissolved with 200 mL 
HQ 0.1 M and the OD was measured in a plate reader 
at 620 nm. 

Soft agar assay. Each well of a 96-weJl tissue culture 
plate was coated with lOOf^tL of bottom agar mixture 
(DMEM, 10% FCS and 1% agarose). v-H-Ras trans- 
fonned NfH3T3 cells were suspended in top agar 
mixture (DMEM, 10% FCS, 0.3% agarose, 70,000 
cells/mL), and seeded in 96-well plates (3500 cells/well) 
on top of the base layer. Serial dilutions of the inhibi- 
tors were added in 50 ^lL medium (DMEM, 10% FCS) 
on top. Plates were incubated for 12 days in a humidi- 
fied 37'C incubator. At the end point 25 MTT (5 mg/ 
mL in PBS) was added and the plates were incubated at 
37'C for an additional 4h. The upper solution was 
washed with PBS and colored coloniei; were counted 
under a light microscope, magnification xlOO. Colonies 
from four' fields of 2.5x2 mm from each duplicate well 
were counted and the average number of colonies per 
well vvas calculated. Subsequently 100 |aL of solubiliza- 
tion solution (20% SDS, 2% acetic acid» 25 mM HCl. 
50% dimethylformamide) was added and the plate was 
incubated in a sealed container overnight, absorbance 
was read at 570 nm with a reference wavelength of 
630 nm using a EUSA plate reader to accoimt for pos- 
sible effects on colony size. 
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Investigation of the comparative activities of various 
inhibitors of famesylrprotein transferase (FPTase) ha3 
Led to the obt^ervation that the presence of phosphate or 
pyrophosphate ions in the assay buffer increases the 
potency of farnesyl diphosphate (FPP) competitive in- 
hibitors. In addition to exploring the phenomenon of 
phosphate synergy, we report here the effects of various 
other ions including sulfate, bicarbonate, and chloride 
on the inhibitory ability of three FPP competitive com- 
pounds: Cb»-His-Tyt^Ser(0Bn)TrpNH2 (2). Cb2.HisTyt- 
(OP05-)-Ser(OBn)TrpNH35 (3), and a-hydroxyfamcsyl 
phosphonic acid (4). Detailed kinetic analysis of FPTase 
inhibition revealed a hi^h degree of synergy for com- 
pound 2 and each of these ions. Phosphorylation of 2 to 
give 3 completely eliminated any ionic synergistic ef- 
fect Moreover, these ions have an antagonistic effect on 
the inhibitory potency of compound 4. The anions in the 
absence of inhibitor exhibit non-comp«titive inhibition 
urith respect to FPP. These results suggest that phos- 
phate, pyrophosphate, bicarbonate, sulfate, and chlo- 
ride ions may be binding at the active site of both free 
enzyme and product^bound enxyme with normal sub- 
strates. These bound complexes increase the potency of 
FPP competitive inhibitors and mimic an enzyme:prod- 
uct form of the enzyme. None of the anions studied here 
proved to be synergistic with respect to inhibition of gera- 
nylgeranyl transferase L These findings provide insight 
into the mechanism of action of FPP competitive izxhibi* 
tors for FPTase and point to enzymatic differences be- 
tween FPTase and geranylgeranyl transferase I that may 
facilitate the design of more potent and specific inhibitors 
for these therapeutically relevant target enzymes. 



Since mutations rendering the Ras protein (p21) oncogene 
are prevalent in many human canceni (1) and farnesylation of 
the C-terminal region of the Ras protein is essential for acti- 
vation of Raa function in vivo (2, 3), a potential therapeutic 
approach to tumor regreasiftn would be to inhibit the farnesyl- 
ation reaction. Farnesyl: protein transferase (FPTaye)^ cata- 
lyzes the transfer of a IS-carboa group to several cellular pro- 
teins containing the requisite C-terminal CAAX recognition 
sequence. The specificity for transfer of farnesyl relics on the 
CAAX motif comprised of a cysteine followed by two aliphatic 



" Tht coiti of publication of chi* artitlc were defrayed in part by the 
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indicate thi^ fact. 
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amino acids and ending mainly with a rnethirtoine or serine. 
FPTase isolated from rat brain is a 97-kDa a{i heterodimeric 
protein requiring both i\nc and magnesium metal ions (4, 5). 
The reaction mechanism for this enzyme is shown in Fig. 1 
where a thioether bond is formed upon transfer of the farnesyl 
moieiy of farnesyl diphosphate (FPP) to the thiol of the cysteine 
residue. The kinetic mechanism for the two-substrate reaction 
is functionally ordered where FPP binds first onto FPTase (6, 7). 

Several classes of compounds have been identified as potent 
inhibitors of FPTase. These include peptide mimetic structures 
based on the tetrapeptide CVFM (5, 8-11), bisubstrate analog 
atructiires (12), and farnesyl pyrophosphatfi competitive com- 
pounds (13-15). These inhibitors show a vide range of speci- 
ficity with reaped to other prenylating enzymes including gera- 
nylgeranyl transferase, (jeranylgeranyl transferase I transfers 
a 20-<:arbon geranylgeranyl group to proteins characterized by 
a CAfUC motif, generally with a terminal leucine. The a subunit 
is identical for both rat FPTase and rat geranylgeranyl trans- 
ferase I while the /3 subunit has 30% sequence identity (16). 

Recently, the pentapeptido (.1) was identified as a potent 
inhibitor of FPTase (17, 18). This compoimd was shown to be 
competitive with respect to FPP and was also demonstrated to 
be more potent in phosphate buffer than in a Hepes buffered 
system under otherwise identical conditions (19). In this study, 
the mechanism by which phosphate enhances inhibition of the 
tetrapeptide (2) was studied kinetically. We also wished to 
determine whether other anions (in particular product pyro- 
phosphate) would cause this same enhancement, and whether 
other known FPP analog inhibitors share this anion require- 
ment. Furthermore, we wanted to determine whether the phos- 
phate enhancement of binding could be accomplished by co- 
valently linking the phosphate to the inhibitor on an available 
tyrosine hydroxy], and whether thig abolished the enhance- 
ment by exogenous phosphate ion. Finally, we wanted to de- 
termine whether the phosphate enhancement of inhibitor bind- 
ing was specific for FPTase compared with geranylgeranyl 
transferase I since distinguishing inhibition characteristics for 
these two similar enzymes may be critical in generating selec- 
tive agents with distinctive cellular activities and further de- 
lineating the specificity by which these enzymes operate. 

EXPERIMENTAL PIIOCEDURES 

i^/a/sWa/^-Triliatcd famaayl p>Topho3phate and geranylgeranyl py- 
rophosphttta were obtained from Ann>rican RadioUbiled ChemicaU (St. 
Louis. MO). Thr-Lys-CyB-Val-Ile-Met and biocin-Aha-Thr-Lys-Cya-Val- 
llo-Met were synthesized according to solid phase peptide chemistry 
techniques (21, 22), o-Hydroxyfamesyl phosphonic acid wajs a>Tithe- 
^izcd as deacribed (13). Compounda; 1, 2, and 3 were syrvibwizcd ai; 
described (20). Potassium phosphate and sodium sulfate were obtained 
from Fiihr.T and were the highest griidy available. Sodium pyrophos- 
phate and potassium chloride v/ere obtained from Sigma. Potataiurn 
bicarbonate: was obliained from M^llinckrodc and He pea buffer was 
ubtiiintd from Life Technologies, Inc. Geranylgeranyl innsfcrdsc I was 
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FiC. 1. Riiaciion catalysed by farncsyhprotein tiansfcrase. 



a gifl Trom Dr. Michaet Gftlb, University of Washmgtori. Seattle, Wa. 
FPTaae was express by batulovirua in SF9 cetU and purified accord - 
itig to the following procedure adapted Trom Kcise al. (4). 

Purification cf FarTie^yiFrotein Transferase ST^ cell pellets froim 
1,0 liters of suipension growth were; niauspended m bufTor conUining 
20 mM Trig chloride (pH 7,5), SO mt^ NaCl, 20 ZnClj, and 1 mM DTT 
(Buffer A) and homogenijed by French Press at 700 kpai. Homogenates 
were ccfltrifuged at 100,000 x g for 45 min and Kupernatanta adjuitod 
to 55% aaturatiuQ with ajmmoniuri sulfate, PrecipiUtad materia! was 
collected by spinning at iO.OOO x g for 20 min and resuapended in 
Buffer A. Samples were then dialyzed against 4 iiiere of Buffer A for 2 h 
and then 4 liter* of firegh BuiTftr A for 18 h. Dulyze<l samples were than 
altered (OA >imj and loiidcd onto a Q-Sepharoi>t column (HiLoad 26/iO) 
uding an fate protein liquid chromatography aystem (Pharmacia Bio- 
tach Inc.). The column wm washed with 220 ml of Buffer A followed l)y 
60 ml of Buffer B (20 mM Tris chloride (pH 7.51, 150 mM NaCU 20 
ZnCLi, and 1 mM DTO. The enayme was elutcd wlxh a linaar gradient 
(440 ml) of bUjffer containing 150 mM to 1 m NaCl at a tlow rate o: 4 
ml^min. Fractions containing FPTaiie activity were pooled, brought to 
10% glycerol, and stored at -80 "C for later afCniiy purification. 

The affinity column for FPTuse purification was prepared by mixing 
12.8 mg of CNBr-accivated CH-Sepharos** with 26 mg of the peptide 
Thr-Lys-Cys-VaJ-Ile-Met in 43 ml of coupling buffer (100 mM NaHCOj 
and 500 mw NaCl fpH S.2» for 4 h *ith constant stirring at n>om 
temperacure. The reain was then washed with 300 ml of Buffer C (50 
mM Trig chloride. 100 mw NaCl, and 1 mK DTO and poured into a 
column. The column was ijtorcd in 20 mM Tris chloride (pH 7.51, 0.02% 
sodium arida at 4 'C. 

Prior to FPTase purification, the affinity column (2.5 x 12 cml was 
washed with 300 ml of cold Buffer C. Thawed, active fast protein hquid 
chromatography fractions (80-100 ml) were then loaded onto the col- 
umn and cyclud through 3 times. The column was waahed with 300 ml 
of Buffer D (50 mM Tris chloride, lOU mu NaCl, 1 mM DTT, and 0.2^ 
PEG 8000) and the enzyme elutcd with 300 ml of elution bufTer (50 mM 
Tris BUceinaU:, I mM DTT. 500 mM NaCl, 0,27<. PEG 8000. and 10% 
glycerol (pH 5)). The elucnt waa concentrated in an Ajnicon concentra- 
tor with A YMIO membrane to 5-10 ml, washed twice with 10 ml of 
Buffer E (50 mM Tris, 100 mM NaCl, 1 mM DTT. 0 2% PEG SOOO, and 
10% glyceroll, and quick frozen in a dry ice-ethanol bath. The eniyma 
wa.9 a single band for each subunit by Coomassie Blue stain on a Novex 
4-20% Tris glycine SDS-polyacrylam\de electrophoresis gel. 

Pcptidtt Synthttsis, Purifuatian, and ChamcUrisatian-Th^ peptide 
analogs were synthesized by solid phase peptide synthetic methodoU- 
gies (21, 22). Tnc peptide analogs were prepared using an /^'-Fmoc 
protecting group strategy on a Rink'smide resin (4^' ,4'-dimethoxyphe- 
nyt-Pmoo-aminomcthyl)"pbeno)ty resin) (23). 

The A'*'-Fmoc group was removed with 20% pipcridine in N-meth- 
ylpyrroUdone prior to coupling with the next protected amino *cid. All 
amino acids were double coupled a£ their A/-hydroxybeniotria20le 
(HOBt) activated eaterii or as their PyBOP-activatcd esters unless 
incomplete coupling was indicated by the Kaiaer teat (24J. The peptides 
were simultaneously depTOtected and cleaved frora the reain by troai- 
ments with 25-70?!i trifluoroacctic acid in methylene chloride, depend- 
ing on the side chain protecting groups, at room temperature for 2-3 h. 

Crude peptides were then purified to homogeneity by preparative 
reveraed-phttse high performance liquid chromatography (HPLC) elut- 
ing with a linear gradient of 0.1% aqueous trifluoroacetic acid with 
increasing concentrations of 0.1^ iritluoroacetic acid in aceconitrile 
(CHjCN). Peptidt' fractiona found to be homogeneous by analytical 
rtivcrscd-phase HPLC were combined, concentrated, and lyophili«ed. 
All the peptides were analyzed for homogeneity by analyticwl HPLC, 
and charncteriied by amino acid analyaii. elemental analysis, fast atom 
bombardment or electrospray mass spectrometry, and proton nuclear 



magnetic pesonanct- (*H NMR) epectroseopy. 

Phosphorylation of t)ie tyxosine residue was carried out while the 
peptide won still linxed to the reain using an excess of di-t•butyl-^/^- 
diethylphosphor*midite and tetrazole, followed by oxidation *ith 70^/ 
f-butylperoxide In methylene chloride. The i-butyl groups were removed 
simultaneously under the cleavage conditions (60% trifluoroacetic acid 
m methylene chbride). 

In Vitro FPT<^Q Enzyme Away -Enayme activity wa3 monitored 
using scintillation proximity assay technology from Ameraham. Stand- 
ard reactions were :arried out in a 100-pJ volume containing 50 mM 
Hepci (pH 7.4), 5 m.v( MgCl,, 20 fi.M ZnCl^, 1 mM DTT. 0.1% PEG SOOO. 
200 nM peptide (biolin-Aha-Thr-Lys-Cys-Val-Ile-Met), 134 nM tritiated 
farnesylpyrophosphate, and 0.3-0.5 nM afTmity purified fameayl:pro- 
tein transferase. Inhibitorg were assayed at a final concentration of 5*:% 
dimethyl sulfoxide. When the effect of various ions were studied, buff- 
md potasaium phfispAate, NsaP^O-,. Na^SO,, KC). or KHCO;, were 
added to the assay buffer at the indicated concentrations. All reactions 
were initiated with the addition of eniymc followed by incubation at 
37 ''C for 30 min. The reactions were terminated with Che addition of 
l.'iO *a1 of stop reagent (prepared by diluting 20 mg/ml scintillation 
proximity aasay be ids tresuspended in phosphate* buffered ealine + 
0.05% NaNa) ItiO w^ith buffer containing 1,5 M magnesium acetate, 200 
m.\t HaPO^. and 0.5% bovine aerum albumin). Radioactive product was 
then counted on a Wallac Microbeta X450 scintillation counter. 

Daia Arui/yatj/- Initial velocity data were obtained from the counts 
obtained from radiolabeled product using the scincillaiion proaomity 
a&say technology and ar^ab^ed using the kinetics software package 
KinetAsyst II (tntelleKintetics. Princeton. NJ) on a Madntosh com- 
puter. The data foi the double inhibition experiments were fitted to 
Equation 1 where one inhibitor is noncompetitive for FPP, and the 
other inhibitor is competitive for FPP, and the inhibitors are not mu- 
tually exclusive (2,^1, 

In Equation I, 3 is the interaction factor for the two inhibitors and o ia 
the factor by which changes u^hen inhibitor (I) occupies the enzyme 
active site. Individual K, constants were derived by nonlinear least 
squares fit to Equation 1 in the case of competitive kioptica or lo 
Equation 3 in the case of noncompetitive kinetics, 

V = JSl/KJl + [IViCul + [SI (Eq. 2) 

0 = v^^syK^{\ + [lyic.,) ts]( I + nvK^ (Eq. 3) 

RESULTS 

Papiidu: Inhibitors of FarnzsyhProtdn Transferase Are Com- 
petitive with Respect to Farnesyl Diphosphate -^^e have previ- 
ously Jieen an efl'ect of phosphate anion on the inhibitory po- 
tency of the FPP competitive pentapeptide (1). Truncation of 
this compound yielded Cb2-His-TyT-Ser<0En)-Trp-KH.2 (com- 
pound 2. Fi^. 2) which ia equally potent and also competitive for 
FPP. As shown in Table I. compound 2 has a A'"; of 984 nM when 
assayed in Hepes buffer in the absence of phosphate. However, 
when 5 mM potassium phosphate is added to this buffer system, 
the inhibition becomes 53-fold more potent showing a K", of IS 
nM. Because of the:ie large differences in inhibitory potency 
against the eniymc, we wished to analyze kinetically this phe- 
nomenon using compound 2 and several different anions. 

Several Aniens Inhibit FPTase and Are Synergistic with Cbz- 



Apr. 200 1 9:12 



No. 5408 ?. 4./6 



Synergism and Inhibition of FPTase 



18079 





0 r^^ O CH^ 





Cb2-His-Tyr(OBn)-5citOBn)-Tfp.i2/^Ja.NM; (1) 




ft I - OH Cb2.HU-Tyf,Scr(06rt)-Tfp-NH2 (2) 

Rl -KM2. Cb^Hi^.Tyr{OPOJH2)•Ser<OBrO-T^^^f^b <3) 



P-OH 

I 

OH 

a-Hydroj(yfamcsyl phosphooic acid [A) 
Flc. 2. Inhibitors of farne.^]:protcin transferase. 

HiS'Tyr'S€r(OBn)-Trp-NH.j (Compound 2)-Table 11 shows the 
inhibition constants of several ai^ions ngainst FPTase. Each ion 
shows noncompotitive kinetics with respect to FPP and an 
inhibition constant in the mM rang^. Pyrophosphate is the most 
potent inhibitor shown with a K; of 1.4 mM due to the fact that 
pyrophosphate U also a product inhibitor (13). When inhibitor 
2 is tested in the presence in these anions, a significant en- 
hancement of inhibition is observed. By varying anion concen- 
tration and compound 2, a kinetic analysis can be made based 
on possible synergy of inhibition. The degfree of synergy can be 
analyzed usin^ Equation I in a system where a competitive 
inhibitor and a noncompetitive inhibitor may bind to the active 
site in combination favorable to binding and resulting in an 
enhancement of inhibition (25). A /3 value is derived that is a 
measure of cooperativity and can also be described an inier- 
action factor between the two molecules. If (i is greater than 1, 
the binding of one inhibitor ia hindering the bindings of the 
other. If /3 is equal to 1, the binding of each bpecies has no effect 
on the other, and if j3 is IcifS than 1, then the binding of the two 
apecies are synergistic. In Fig. 3. a Dixon plot of compound 2 
versus varying concentrations of phosphate anion show lines 
that intersect above the x nxis indicative of a synergy of inhi- 
bition and gives a ^ value = 0.012. The /3 value actually rep- 
resents the reciprocal of the maximal enhancement that can be 
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observed, for tha case of phosphate and compound 2, this increase 
is over SO- fold. The ^ values for several anione tested and their 
possible fold enhancement of inhibition with compound 2 are 
listed in Table III and all show synergy of inhibition. 

CovaUnt Miathmtnt of a Phosphate onto Compound 2 Din- 
rupta the Synergism of Inhibuion - Because of the large in- 
crease in inhibition by phosphate anion on compound 2, a 
synthetic strategy was devised to covalently link the phosphate 
firroup onto the tyrosine hydroxyl group of 2. This yielded a 
much more potent inhibitor (compound 3, Fig. 2) whiJe retain- 
ing the characteristic of being competitive for FPP as shown in 
Fig. 4. In addition to being a bw nanomolar inhibitor, this 
compound is unaffected by the presence of phosphate in the 
buffer. As shown in Table I, the Ki values of this compound are 
2.6 and 3.6 nM in a Hepes buffer system with and without added 
phosphate. Comparing compound 2 and S where the only differ- 
ence is the added phosphate group, their Ki values in a Hepes 
buffer system su-e 934 and 2.6 nM, respectively. However, in the 
presence of 5 mM phosphate, the K, for compound 2 is 53-fold 
lower while the Kt for compound 3 remains relatively unchanged. 

InMbiiion of Farnesyl:Prctein Transferase by fcL-Hydroxyfar- 
ni:iyl)pho3phortic acid f^j-Co-HydroxyfamesyOphosphonic 
acid (4) is shown in Fig. 2 and is competitive with respect to 
FPP exhibiting a 49 qm in a Hepea buffer system'. This 
value 13 consistent with that reported in the literature (13). 
However, when 5 mM phosphate is added to the assay buffer, 
the Ki of this compound increases 10-fold to 488 nM (see Table 
I) yet remains competitive with respect to FPP- This resiilt 
tieems to imply that there is now mutual competition between 
compound 4 and phosphate anion. 

Inhibition of Geranyl^eranyi Transferase /—Compound 2 
was also a&sayed against geranylgeranyl transferase I in the 
presence of the anions shown in this study. However, in this 
cas6» there way no increase in inhibition observed when any of 
the anions were included in the assay buffer. 

DISCUSSION 

As the ongoing search for potent inhibitors of FPTase con- 
tinues, a better understanding of the enzyme mechanism of 
FPTase is necessary to provide insight into the design and 
synthesis of potent FPTase inhibitors. Employing a phosphate 
buffer system, wc identified several compounds as very potent 
inhibitors of the famesylation reaction. Subsequent escamina- 
tion of their inhibitory potency in a nonphosphata buffering 
system revealed significantly lower enzyme inhibition in vitro. 
Further investigation showed that the phosphate anion was 
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acting in a synergistic way with certam inhibitors. Moreover, 
this synDr^iism was ob3er\-ed only for inhibitors that were com- 
petitive with respect to farnesyl diphosphate. Using compound 
2 we have kinetically ansly^ed the syner^stic role played by 
several anions. Not all FPP competitive inhibitors, however, 
were synergistic >^'ith phoephatc anion as evidenced by the 
behavior of a-hydroxyfamesyl phosphonic acid (4). 

Kinitic Analyui^ of Synargy of Inhibition of FPTaf^e -In a 
Hepes buffer system compound 2 is competitive with respect to 
FPP having a of 984 n>f- In the same buffer system plus 5 mM 
potassium phosphate, compound 2 is still competitive with 
respect to FPP but theif^ is reduced 53-fold to 18 OM. ThU effect 
could be indicative of synergy of inhibition between two mole- 
cules operating together at the active site. Similar inhibitory 
effects have been observed with phosphoenolpyruvate mutate 

(26) and with phosphoenolpyruvate carboxylase from Zea mays 

(27) . Phosphoenolpyruvate carboxylase proceeds through a 
random sequential mechaniam where a hlgH level of synergism 
of binding of substrates is observed. Very high levels of syner- 
gistic inhibition was found between oxalate and carbamyl phos- 
phate O = 0.0013). In the case of phosphoenolpyruvate mu- 
tase. synergj' t)t inhibition between oxalatt* and anion!) that 
alone were noncompetitive inhibitors suggested a "combined 
presence'' in tKe enzyme active site as a bimolecular transition 
state analog. In both of these ca^es, the inhibitor oxalate ^ii^i a 
very close mimetic of the original substrate phosphoenolpyru- 
vate. In our case, the peptidic inhibitors bear little resemblance 
incoitively to the original substrates. 

Using affmity purified FPTase from rat brain, phosphate 
was kincticdlly analyzed as an inhibitor. We found noncompet- 
itive inhibition with respect to FPP in the high miUimolar 
concentration range. In casf.s where oae inhibitor is noncom- 
petitive and the other is competitive, the amount of synergism 
between twn compounds can be measured u^ing a Di^on plot to 
arrive at an interaction /3 value, /3 is a me?itiure of the amuunt 
of tiyner-istic cooperativity between the two inhibitfirs. A DLxon 



plot is shown in Fig. 3 for the case of compound 2 and phos- 
phate anion. Here. ^ is 0.0L2 showing that an increase of over 
80-fold tl/0) in inhibition is possible. 

Because an improvement of inhibition with phosphate anion 
was observed with a tetrapeptide based molecule, other anions 
were used to test whether synergism would also be found. The 
anions sulfate, carbonate, chloride, and pyrophosphate were 
found to retain a s>'nergistic effect with compound 2, whereas 
nitrate and acetate showed Uttle or no effect. When the anions 
were tested for direct inhibition of FPTase. all showed noncom- 
petitive inhibition with respect to famesyl diphosphate. This 
kinetic pattern is <;onsi3tent with these anions binding to t^o 
different forma of the enzyme. One logical binding site for 
phosphate, for example, could be at the portion of the active site 
of FPTase that actively binds the pyrophosphate group of far- 
nesyl diphosphate known as the p>TOphosphate binding pocket. 

Evidence for Synergy of Inhibition at the Active Site of 
FPTaw -There are four pieces of supportive evidence that the 
anion contributinjj to synergy of inhibition is acting at the 
enzyme active site. First, noncompetitive kinetics for phos- 
phate was obserx-ad with respect to FPP against famesylipro- 
tein transferase. Second, based on the effect of phosphate anion 
on inhibition of FPTase, a second inhibitor, compound 3. was 
synthesized which contained a covalently linked phosphate 
group. For this compound, the effect ojf phosphate anion to 
enhance inhibition was no longer found. The inhibition of com- 
pound 3 itself against FPTase was 3 nM making this compound 
one of the most potent inhibitora reported to date against 
FPTase (see Fig. 1). Third, when ot-hydroxyfamasyl phospho- 
nate was studied, there appeared to be a direct competition for 
this binding pocket and antisynergy was observed. The in 
Hepes buffer was 10-fold lower than chat observed in the pres- 
ence of 5 mM phosphate. Finally, when inhibitors that are 
competitive with respect to the peptide substrate were studied 
{CV?M, for example), no phosphate effect was observed. 

Kinetic analysia reveals that the anions are noncompetitive 
with respect to FPP. Therefore, the phosphate must bind to two 
different forma of the enzyme. Phosphate can bind to the free 
form of the enzyrae because the pyrophosphate pocket is still 
unoccupied. In considering other forms of the enzyme to which 
phosphate could hind, the £:FPP form of the enzyme where the 
pyrophosphate pocket is already occupied seems unlikely. Fur- 
thermure. once the bulky peptide substrate binds at the active 
site, catalysis happens extremely fast and product release is 
thought to be rate-limiting (7). If there is an ordered mecha- 
niam of product release^ the p>Topho3phatc would leave prior to 
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FFFasc-I as opposed to geranylgeranyl transferase [. The 
amount of phosphate found in uiuo at the cellular level is 
thought to be in ihe low millimrtlar range l2S-''30j. This anion 
would then be present in high enough concentrations to sec an 
obeervablc effect in cellular asyays and could be used advanta- 
geously to increit^e the specificity of inhibition between ihe two 
prenyl transt'eras-cs. Finally, enzymatic differences beiwccn 
thete two catalytic enzymes may become more apparent based 
on the phosphate synergy phenomonon. 

Condusion-^H have shown that in the presence- of various 
aniona there is a large increase in potency of inhibition for 
compound (2). Thie effect has been analyzed kinetically to 
reveal a synergy of inhibition in the case of FPTase that does 
not exist for geranylgeranyl transferase I, Furthermore, an 
inhibitor (3) has been designed to use this effect to increase 
potency against I^TTase. 



lit 



farneayhprotein 



the famesylated peptide providing a second form of the eniyme 
which would then be accessible to phosphate binding at the 
putative pyrophosphate binding pockot of the active site. Fig, 5 
shows how phosphate anion couid exhibit noncompetitive ki- 
netics of inhibition with respect to FPP and bind to two differ- 
ent forms of the enzyme. In thi« mechanistic scheme, phos- 
phate binds to the free form of the enzyme (Ij because the 
pyrophosphate pocket is still unoccupied. In addition, after 
release of pyrophosphate from the Erfarnesylated peptide:PP, 
form of the enxyme. there would exist an E:fame3ylated pep- 
tide form of the enzyme (V) that would have a pyrophosphate 
binding pocket now accessible to phosphate anion. If the inhib- 
itor 2 was acting like a famesylated product {F-CAAX). then 
phosphate could bind to the enzyme:inhibitor form of the en- 
lyme. The consequence would presumably be a closely mim- 
icked step of the enJtyme catalytic mechanism. Since product 
release is rate-limiting, the £::F-CaAA: species would be a con- 
sidered a kinetically long lasting species. This may account for 
the synergy of inhibition observed. 

There are several examples in the literature of such syner- 
gism like phosphoenclpyruvate mutase (26) where many an- 
ions were used as a close subatrate analog and synergy of 
inhibition was obsen'ed. In addition, synergy of inhibition with 
anions and a substrate analog was observed for phosphoenol- 
pynivate carboxylase (27). In both cases, the data could be 
analyzed in terms of a transition state analog. But in this case, 
the inhibitor is not a structural analog of either substrate in the 
enzyme catalyzed reaction. Nevertheless, anions have a dramatic 
impact on the degree of inhibition with certain FPP competitive 
compounds and may be used to design mora effective inhibitors 
against the enzyme possibly za transition state analogs. 

Comparison of Synergy of Inhibition for FPTase and G&ra- 
nylgeranyl Transferase /-Since FPTase and geranylgeranyl 
transferase I share a common aubunit and undergo very simi- 
lar reactions (the length of the prenyl chain differing by five 
carbon uniU) it was of interest to examine if there still existed 
the same synergy of inhibition. The IC50 for compound 2 
against geranylgeranyl transferase I is 12 mm and no effect of 
phosphate or other anions was found. The lack of an anion 
effect may point out differences between thetje two enzymes that 
could be used to increase specificity of inhibition for each re^ipec- 
tive protein. Since the two enzymes eharc an identical a subunit. 
the differences in synergy of inhibition may Ue elsewhere. One 
possibility may be that kinetically. geranylgeranyl transferase I 
does not release PP, in an ordered fashion leaving no room for any 
aniona to combine with a partial product form of an inhibitor, tt 
would also be plausible that the specific inhibitor 2 does not 
mimic a product complex for geranyigeranyl transferase I. 

It is mteresting that phosphate has such an effect on 
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A sulfated tricarboxylic acid fungal metabolite is 
an inhibitor of human famesyl-protein transferase 
(FPTase), The compound, designated as oreganic acid, 
has a molecular weight of 494, an empirical formula of 
C22H38O10S and inhibits FPTase with an IC50 value of 
14 nM. Oreganic acid is a selective inhibitor of FPTase 
because it does not inhibit human geranylgeranyl-pro- 
tein transferase type I (GGPTase-I). It is not a time- 
dependent inhibitor, reversibly inhibits FPTase, is 
competitive with respect to famesyl diphosphate and 
non-competitive with respect to the Ras acceptor pep- 
tide. The structure of oreganic acid resembles that of 
famesyl diphosphate and most likely inhibits FPTase 
by mimicking famesyl diphosphate at the active site 

of the enzyme. © 1997 Academic Press 



Famesylation of Ras by the hetero-dimeric famesyl- 
protein transferase (FPTase) is the mechanism whereby 
Ras is directed towards and anchored in the cell mem- 
brane. Famesylation occurs on the carboxyl terminal cys- 
teine which is part of the CAAX motif. Membrane local- 
ization of Ras is an initial and essential step in ras- 
mediated oncogenesis. Inhibition of Ra§ famesylation 
prevents Ras membrane localization and blocks Ras cell- 
transforming activity thereby validating FPTase as a tar- 
get for anti-cancer chemotherapeutics (4, 5, 6). Several 
FPTase inhibitors have recently been reported which se- 
lectively inhibit Ras processing in certain cell lines, (2, 3, 
7, 11, 14) prevent tumorogenesis in nude mice (12) and 
promote regression of mammary and saHvary carcinomas 
in ras transgenic mice (13). 

We recently described the isolation and inhibitory 
FPTase activity of chaetomellic acids (5, 15, 20), fusi- 
dienol (21), preussomerins and deoxypreussomerins 
(22), actinoplanic acids (19, 23, 24), barcelonic acid (9) 
and cylindrols (25) that are structurally diverse, selec- 
tive and potent natural product inhibitors of FPTase. 
Our continued search for unique inhibitors of FPTase 



from microbial sources has lead to the isolation of a 
novel, potent, specific, reversible inhibitor of FPTase 
that resembles famesyl diphosphate. The compound 
contains a polar tricarboxylic acid head group and a 
long chain fatty tail terminating with a hydroxy group 
that is sulfated. The stmcture of oreganic acid was 
reported by Jayasuriya et al. (10). The details of the 
biological characterization of oreganic acid are de- 
scribed in this manuscript. 

MATERIALS AND METHODS 

Source and fermentation of the producing organism. The produc- 
ing organism (MF 6046) was an endophytic fungus isolated from the 
leaves of Berberis oregana from Lord Ellis Summit, Humboldt Co., 
CA. The seed culture was prepared as described by Lingham et al. 
(15) and incubated at 25 *'C for 6 days on a gyratory (220 rpm, 5.1 
cm throw) prior to the inoculation of the production flasks. The pro- 
duction medium contained in grams/liter: sucrose, 75.0; tomato 
paste, 10.0; malt extract, 5.0; (^4)3804, 1.0; soy flour, 1.0; and 
KH2PO4, 9.0. Production flasks were inoculated with 2.0 ml of vegeta- 
tive seed growth and were incubated at 25 (with shaking) for 8 
days. 

Isolation of oreganic acid. The compound was isolated and the 
structure elucidated as described by Jayasuriya et al. (10). 

Enzyme assays. Recombinant human FPTase and GGPTase-I 
were prepared as described by Omar et al. (16). FPTase and 
GGPTase-I assays were performed essentially as described (15) and 
contained the following: 2 nM FPTase, 50nM pHlfamesyl diphos- 
phate (FPP) and 100 nM Ras-CVIM or 400 nM Ras-CVLS; 2 nM 
GGPTase-I, 100 nM pH]geranylgeranyl diphosphate (GGPP), and 
500 nM Ras-CAIL. Kinetic constants were determined and reversibil- 
ity studies were performed as previously described (5, 19). Fermenta- 
tion extracts or pure compounds were dissolved in 100% DMSO and 
diluted twenty-fold into the assay to give a final solvent concentration 
of 5%. 



RESULTS 

Our continued search for novel FPTase inhibitors 
from microbial sources resulted in the isolation of ore- 
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FIG. 1. Structure of Oreganic Acid and Analogs. 



ganic acid (Figure 1). Also shown in Figure 1 are three 
analogs of oreganic acid. The producing culture was an 
endophytic fungus that did not sporulate under stan- 
dard fermentation conditions and could not be identi- 
fied taxonomically. Oreganic acid was isolated and the 
structvire was elucidated as described by Jayasuriya et 
al. (10). It has a molecular weight of 494 and an empiri- 
cal formula of C22H38O10S. 

The effect of oreganic acid on FPTase activity when 
either Ki-Ras-CVIM or Ha-Ras-CVLS is used as the 
acceptor peptide substrate is presented in Figure 2. 
Oreganic acid is a potent inhibitor of FPTase activity 
exhibiting an IC50 (concentration that ehcits 50% inhi- 
bition) value of 14 nM (Figure 2). The activity of this 
compound is independent of which Ras peptide sub- 
strate is used, implying that oreganic acid does not 
interact with the Ras peptide binding site on the en- 
zyme. To further examine the effects of the compound 
a kinetic analysis was performed and the results aire 
presented in Figure 3. Oreganic acid is competitive 
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FIG. 2. Inhibition of Prenyl Protein Transferases by Oreganic 
Acid. Enzyme assays were performed as previously described (19) 
using 2 nM human recombinant prenyl protein transferase per assay. 
The FPTase and GGPTase-I activities in the absence of inhibitor 
were 329 ± 50 fmoles FPP hydrolyzed//ig/min. and 6663 ± 297 fmoles 
GGPP hydrolyzed/Mg^min., respectively. All data were calculated rel- 
ative to the DMSO control. 




FIG. 3. Oreganic Acid competes with Famesyl Pyrophosphate 
for binding to Famesyl Protein-Transferase. Kinetic constants were 
determined as previously described by Gibbs et al. (5). The concentra- 
tion of ^H-famesyl pyrophosphate (^H-FPP) was varied as the concen- 
trations of Ras-CVLS and hFPTase were held constant at 1 and 
2 nM, respectively. The concentrations of Oreganic Acid used were 
0, 5, 15, and 45 nM. Kinetic analysis was performed using k*cat 
enzyme kinetics software from Biome tallies, Inc., Princeton, NJ. 



with respect to famesyl diphosphate exhibiting an inhi- 
bition constant (Ki) of 4.5 nM (Figure 3) and displays 
a complex kinetic pattern of mixed non-competitive or 
un-competitive inhibition with respect to the Ki-Ras- 
CVIM peptide substrate (data not shown). 

Oreganic acid is a poor inhibitor of GGPTase-I (Fig- 
ure 2) (IC50 ^ 60 fM) exhibiting an exquisite selectivity 
for FPTase over GGPTase-I. Oreganic acid is not a 
time-dependent inhibitor of FPTase (Figure 4) while it 
is a reversible inhibitor of the enzyme (Table I). When 
tested in an assay designed to evaluate the compound's 
effect on the posttranslational processing of Ras in in- 



350 



^ 3 300 




Minutes of Incubation 



FIG. 4. Time Coiirse of Inhibition of Famesyl Protein-Trans- 
ferase by Oreganic Acid. Enzyme assays were performed as pre- 
viously described Lingham et al, (15) using 100 nM Ras-CVIM, 50 
nM FPP and 2 nM human FPTase. The figure shows the inhibition 
over time for 1.) Control, 2.) 10 nM, and 3.) 100 nM Oreganic Acid. 
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TABLE I 
Reversibility of Oreganic Acid 



FPTase Percent 
activity inhibition 

Conditions (fmol/Azg/min) (%) 

I. Initial incubation and no centrifugation 

1. FPTase + 5% DMSO 

2. FPTase + 100 nM Oreganic acid 

II. Inhibitor + centrifugation 

3. FPTase + 5% DMSO + centrifugation + S% DMSO added back in the assay 

4. FPTase + 5% DMSO + centrifugation + 100 nM Oreganic acid added back in the assay 

5. FPTase + 100 nM Oreganic acid + centrifugation + 5% DMSO added back in the assay 

6. FPTase + 100 nM Oreganic acid + centrifugation + 100 nM Oreganic acid added back in the assay 

Tubes containing 20 nM human FPTase were incubated with either: (i) DMSO or (ii) 100 nM oreganic acid for 20 minutes at 31*0 
Aliquots (10 fil) were removed and assayed directly (see Condition I of the table). The remaining volumes were gel-filtered through 2 2 ml 
Sephadex G-25 columns equilibrated with 100 mM HEPES, pH 7.5, 100 mM NaCl. 5 mM MgCh, 2 mM DTT and 0.2% (w/v) n-octyl-^-D- 
glucopyranoside. The column eluates (25 /il), in colunm equilibration buffer, were tested for FPTase activity as previously described (15) 
DMSO or oreganic acid were added back to the assay tubes as shown above (see Condition II of the table). Data was calculated relative to 
the DMSO control. 



5036 — 

2883 43 

2900 — 

1443 50 

3118 — 

1290 56 



tact cells, oreganic acid was inactive up to lOfjM (data 
not shown). 

Of the four compounds presented in Figure 1 the 
sxilfated free acid form of oreganic acid was more active 
than the desulfated form (compound 3, IC50 = 3.3 ^M). 
A trimethyl ester analog (compound 2) was signifi- 
cantly less active (IC50 = 11 ijM) and the desulfated 
form of the trimethyl ester (compound 4) was com- 
pletely inactive (up to 20 ^M). 

DISCUSSION 

The compound that forms the basis of this report is 
a potent specific inhibitor of FPTase activity. Structur- 
ally, it is a tricarboxylic alkyl sulfate that resembles 
famesyl diphosphate. Oreganic acid has a complex 
head structure with an extended fatty acid chain that 
terminates with a sulfated hydroxy group. This is simi- 
lar to chaetomellic acids A and B (15, 20) and acti- 
noplanic acids A and B (19). These inhibitors inhibit 
FPTase activity by competing with famesyl diphos- 
phate. Oreganic acid differs from these previous com- 
pounds in having a sulfate group at one end of the 
molecule. Not surprisingly, oreganic acid is competitive 
with respect to famesyl diphosphate (Figure 4) but not 
with the Ras peptide substrate. Like chaetomellic acids 
and actinoplanic acids, oreganic acid mimics famesyl 
diphosphate by being able to utilize the carboxylic acids 
and fatty chain as substitutes for the polar phosphate 
head groups and the isoprene groups, respectively. Tri- 
methylation of the carboxylic groups (Figure 1(2)) leads 
to a significant decrease in FPTase inhibitory activity. 
This is probably due to a change in the charge around 
the acidic groups that affects the way the compoimd 
fits within the famesyl diphosphate binding pocket on 
the enzyme. 



Furthermore, there are similarities between the tri- 
carboxylic acid head group of oreganic acid and the 
dicarboxylic acid head group of chaetomellic acid A. 
We have previously demonstrated that to maximally 
inhibit FPTase activity, the carboxyl groups in chaeto- 
melhc acid must be in a cis geometry (20). In contrast, 
the carboxylic acid groups of oreganic acid have a trans 
geometry centered around a double bond. The third 
carboxyl group plays a significant role as it renders 
itself in a cisoid conformation with respect to one or 
the other of the carboxyl groups around the double 
bond. The additional carboxyl group could explain why 
oreganic acid is significantly more potent than trans 
chaetomellic acid A. The arrangement of the carboxyl 
groups can account for some of the potency of oreganic 
acid, however, the geometry of the carboxyl groups is 
not responsible for all of the compound's potency. 

Oreganic acid is unique in having a sulfate group at 
one end of the molecule which contributes to the overall 
negative charge of the compound. The desulfated ana- 
log of oreganic acid (Figure 1(3)) is considerably less 
active than the parent compound. This suggests that 
both the carboxyl and sulfate ends of oreganic acid con- 
tribute to the overall potency of the compound. One 
speculative possibility is that the sulfate group in- 
creases the affinity of the compound for the enzyme 
compared to that of the polar head group alone. The 
carboxyl and sulfate ends fill the polar end of the FPP 
binding pocket and have an additive effect. The effect . 
of the sulfate group on the potency of oreganic acid is 
pronounced when one compares the activities of the 
trimethyl ester (Figure 1(2)) with the desulfated tri- 
methyl ester (Figure 1(4)). 

Oreganic acid is not a time-dependent inhibitor of 
the FPTase enzyme indicating that it associates readily 
and rapidly with the enzyme. Furthermore, oreganic 
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acid is equally active against FPTase when either Ki- 
Ras-CVIM or Ha-Ras-CVLS is used as the peptide ac- 
ceptor substrates (Figure 2). It has been reported that 
FPTase has a 20-fold higher affinity for Ras-CVIM than 
Ras-CVLS (17, 18) and that mutations in Ki-ras-CVIM 
are by far the most frequent in human tumors (1). This 
raises the question of which Ras acceptor peptide to use 
in assays designed to screen for. physiological relevant 
inhibitors of FPTase, Recently James et al. (8) reported 
that BZA-2B, a benzodiazepine peptidomimetic, was 
eight-fold more active when Ha-Ras-CVLS rather than 
Ki-Ras-CVIM was the peptide substrate. When BZA- 
2B was tested in cell-based assays of tumorgenecity it 
was less active than would have been predicted from 
the in-vitro FPTase data. It is encotiraging to see that 
oreganic acid is equally active when either peptide sub- 
strate is used. 

Kohl et al. (12) and others (2, 3, 7, 11, 14) have re- 
ported the development of compoxinds that are inhibi- 
tors of FPTase in vitro, inhibitors of ras-processing in 
vivo (in cell Unes and nude mice) and enhance tumor 
regression in transgenic mice. Unfortunately, oreganic 
acid does not affect Ras processing in whole cell assays. 
This is probably due to the charged nature of the com- 
pound that precludes its entry into the cell. Masking 
of the charged groups by a pro-drug strategy may result 
in activity in whole cells. However, given the results 
with the methylated and desulfated compounds (Figure 
1) it is unlikely that this will be a straight-forward 
process. The current challenge is to find microbial in- 
hibitors of FPTase that exhibit in vivo activity. 
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Yeast Protein Geranylgeranyltransferase Type-I: Steady-State Kinetics and ^ 

Substrate Binding"^ 
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AEsm\a: Protein geranylgeranyltransferase type-I (PGGTase-I) catalyzes alkylation of the cysteine residue 
in proteins containing a consensus C-ierminal CaaX sequence ending in Leu or Phe by the Cjo hydrocarbon 
moiety in geranylgeranyl diphosphate (GGPP). A kinetic study of the alkylation reaction was conducted 
with a condnuous assay based on the fluorescence enhancement thai: accompanies geranylgeranylation of 
dansyl-GClTL. The kinetic constants jt«t = 0.34 db 0.01 s"', = 0.86 ± 0.05 //M for GGPP, and Km^ 
= 1.6 ± 0.1 //M for dansyl-GCIIL were calculated from initial rate^ measured at varying concentrations 
of the substrates. Inhibitor studies were conducted with dead-end inhibitors for GGPP and the peptide 
substrate. Double reciprocal plots for the peptide mimic Cys-ANIBA-Leu gave a competitive pattern 
when plotted against varying concentrations of dansyl-GCTE. and an uncompetitive pattern against GGPP. 
Similar plots for l-phosphono-(£.£,£)-geranylgeraniol, a dead-end inhibitor for GGPP, gave a competitive 
double reciprocal plot for varied concentrations of GGPP and induced potent substrate inhibition by dansyl- 
GCIDL when dansyl-GCUL was the varied substrate. The dissociation constant (ATd) for the PGGTase- 
r-GGPP complex was 120 ± 20 nM. These results are consistent with an ordered binding mechanism for 
PGGTase-I where GGPP adds before peptide. 



The posttranslational modificadon of proteins in eukaryotic 
celh with hydrophobic Cis famesyl or Cjo geranylgeranyl 
isoprenoid units is a common phenomenon. The modifica- 
tion involves alkylation of a cysteine residue near the 
C- terminus of the proteins to fomi a stable thiocther and 
confers lipophilic properties to the proteins essential for their 
biological activity. Prenylated proteins fulfill a variety of 
important roles, including those in signal transduction and 
regulation of vesicular traffic (for a recent review, see Zhang 
Sc Casey, 1996). 

Three protein prcnyltransf erases, a protein famesylcrans- 
fcrase (PFTase),^ a protein geranylgeranyltransferase type-I 
(PGGTase-I). and a protein geranylgeranyltransferase ty pe- 
ll (PGGTasc-II), catalyze the alkylation reactions. PFTase 
and PGGTase-1 modify cysteine residues in carboxy-tenninal 
CaaX motifs in which "a" is an aliphatic amino acid, and 
'*X" is one of several possible residues. When **X" is Ala, 
Met, Ser, Cys, or Gin, the protein substrate is famesylaied, 
and when *'X" is Leu or Phe, the protein is geranylgerany- 
latcd (Moores et al., 1991; Reiss el al., 1991; Yokoyama et 
al„ 1991; Omer et al, 1993; Caplin et al., 1994). Protein 
substrates for PFTase include fungal mating factors, nuclear 
lamins, and Ras G-proteins (Maltese, 1990; Moores et al.. 
1991; Clark, 1992). Substrates for PGGTase-I include the 
y gubunit of neural G-proteins and several Ras-related 

♦ This work wa: supported by the National Iniiimics of Health Grant 
GM 21323. 

* To ^hom correspondence should be addressed. Fax: (801) 531- 
4391. E-maiJ: Poulwr(^chcmi5itry.chem.utah.edu. 

^ Abscruct publUhed in Aducn^e ACS Aburacts. Apnl 1. 1997. 

' Abbrcviation.<i: PFTase. protein famcsyloramfcmc; PGCTa$e-I, 
protein gerunylgcranyUransferase lype-I; PGGTaie-11, protein gero- 
nylgeranyltramferaie iype-11; FPP, famesyl diphosphate; GGPP gera- 
nylgeranyl diphosphate; 1-P-GGOH. l-phosphono-(£.£.£)-geranylee* 
raniol; dansyUGC^UL, dan.5yl-Gly-Cys(S-gerany:geranyl)-Ile-Ik-UQ; 
AMBA. 3-(aminoTne(hyl)benzoic acid; Tris, tTis(hydrcxymethyl)ami- 
nomethanc; EDTA, ethylcnediamineteiraaceuc acid; DMSO. dimethyl 
iulloxide; TtC. thin-layer chrcmaiography; DTT, diihioihreiioi. 



G-proteins (Maltese. 1990; Mumby et al.. 1990; Kawata ct 
al., 1990; Casey et al., 1991; Yamane et al., 1991). 
Following prcnylation, the carboxy-terminal aaX tripeptide 
is removed, and the new carboxy-terminal cysteine is often 
methylated. PGGTase-II, often called Rab geranylgeranyl- 
transferase, catalyzes alkyladon of both cysteine residues in 
Rab proteins containing carboxy-cerminaJ CC, CXCX, or 
CXC motifs (Seabra et al., 1992; Famsworth et al, 1994). 

All three protein prenyltransfcrases are aJfi dimers, and 
each shares a high degree of similarity at the amino acid 
level. PFTase and PGGTase-I contain a common a subunii 
in combination with disdnctive P subunits, which confer 
different sckctivides for the two enzymes toward their 
isoprenoid and protein substrates. For PGGTase-II, an escort 
protein to l)ring the protein substrate to the catalytic 
heterodimer and to escort the geranylgeranylated product to 
membrane is required in addidon to the catalytic heterodimer 
(Andres et al., 1993; Fujimura et al., 1994; Jiang & Fenro- 
Novick, 1994). 

There is considerable interest in understanding how protein 
prenylcransferases bind their substrates because of the 
prominent roles modified proteins play in eukaryodc cells» 
including re(;uladon of cell division and control of vesicle 
fusion (Gibbs et al.. 1994). In kinetic studies with bovine 
PFTase, it was suggested that the enzyme binds subsorates 
by a random mechanism (Pompliano et al., 1992). but with 
a preference for adding FPP before pcpdde (Pompliano et 
al.. 1993). However, recent swdies with the human (Furfme 
et al., 1995) and yeast (Dolence et al., 1995) forms of PFTase 
support an ordered addition of substrates. 

PGGTase-I has, been purified from bovine brain (Moomaw 
& Casey, 1992; Yokoyama & Gelb. 1993), and the yeast 
(Mayer et al., 1992; Stirtan & Poulier, 1995), rat, and human 
(Zhang et al., 1994a,b) enzymes have been purified from 
recombinant organisms. Steady-stale kincuc studies widi 
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.nammaluin PCGTasc-I and reversible dead-end inhibitors 
.ugeested ihai the substrate binding mecAanlsm wa? random 
(Zhang et al.. 1994b; Yokoyama ct al.» 1995) hut, like 
pFTase, appeared to be "functionally" ordered with gera- 
nylgeranyl diphosphate (GGPP; adding before the protein 
sublirate (Yokoyama et ul., 1995). Recently, we described 
the purification of recombinant yeast PGGTa5e-r and a 
continuous fluorescence a.s.say to monitor enzyme activity 
fStinan Sc Poulter, 1995). We how present steady-Atatc 
'anetic and inhibition studies which demonisirate that yeast 
?GGTase-I binds substrates to give a catalyiically competent 
ternary complex by an ordered mechanism with no evidence 
of a random component, 

MATERIALS AND METHODS 

Mareriab. pHlCGPP (19.3 Ci mmol"') was purchased 
from DuPont New England Nuclear Research Products 
(Boston, MA). Unlabeled GGPP was synthesized from 
eeranylgeranyl bromide and tris(cetrabutylammonium) py- 
rophosphate (Davisson et aL. 1986). n-Dodecyl ^-D-mal- 
toside was purchased from Calbiochem, and dansylglycine 
wa,s from Sigma (Si. Louis, MO). Dansyl-GCIIL was 
prepared by solid-phase synthesis methods on an ABl peptide 
synthesizer Model 431A. l-Phosphono-(£Z£)-geranylge- 
raniol (1-P-GGOH) was prepared as described previously 
(Yokoyama et al. 1995). Cys-AMBA-Lcu (Nigam et al., 
1993) was provided by Dr. Andrew Hamilton. Recombinant 
yeasi PGGTase-I was expressed in Escherichia coli (JMlOl/ 
pWGS-l-237B) and purified as described previously (Scirtan 
(Sc Poulter. 1995). Ruorcsccnce data were collected on a 
Spex FluoroMax spectrofluorimeter. Quartz cuvettes were 
purchased from NSG Precision Cells Inc. 

Methods. Preparation of Solutions. Stock solutions of 
GGPP (10-15 mM) were prepared in 25 mM NHjHCOj, 
and concentrations of GGPP were determined by phosphate 
analysis (Reed and Rilling, 1976). Stock solutions of dansyl- 
GCIIL (--300 //M) were prepared by dissolving the dansy- 
lated peptide in peptide buffer (50 mM Tris-HCl, pH 7.5, 
0.1 tnM EDTA. 5 mM DTT. 0.020% n-Dodecyl 
molioside) or with detcrgent-free pcpdde buffer for inhibition 
studies. The concentration of dansyl-GCIIL was determined 
from a standard curve of A340 versus the concentration of 
dansylglycine, in the same buffer. Stock solutions of dansyl- 
OC*^^IIL, the gcranylgeranylated product of the PGGTase-I 
reaction, were prepared and used in calibration studies exactly 
as described previously (Stinan & Poulter, 1995). 

Prcnyltransferaxe Assay. PGGTase-I was assayed using 
a continuous fluorescence assay based on the large fluores- 
cence enhancement which accompanies geranylgeranylaiion 
of a dan.sylated penupeptide (Pickett cc al., 1995; Stirtan & 
Poulter, 1995). Assays were carried out at 30 'C in 
prcwarmed cuvettes (3 mm-) using a themiostated cuvette 
holder. Buffer concentrarions in the final assay volume (220 
uL) for al) kinetic studies were 50 mM Tris-HCl. pH 7.5, 
5.0 mM DTT. l.O mM MgCl:, 10 /^M ZnCli^ 0.020% 
a-dodecyl ^-D-malioside. Typically, solutions of dansyl- 
GCIIL (10 //L) and GGPP (10 ^L) were added to assay 
buffer (53 niM Tris-HCl, pH 7.5, 5,3 mM DTT, l.l mM 
MgCh, n /iM ZnClj, 0.021% /i-Dodecyl /?-D-malioside) 
(190//L). The mixture was preincubated at 30 X for 5 min 
before the reaction was initiated with enzyme (lO^wL, ~1H0 
ng) previously diluted with assay buffer to the appropriate 
concentration. The sample was vigorously mixed, a 200 //L- 
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portion of the reaction v/as immediately transferred to a 
prewarmed cuvette, and the nuorescence intensity was 
measured for 5 min. Excitation and emission wavelengths 
were 340 and 486 nm. respectively, with a bandpass of 5.1 
nm for both excitation and enaission monochromaiors, unless 
otherwise noted. The rate of change in fluorescence intensity 
(cps s~') was converted to uniLs of velocity (aM s"') given 
the following conversion factor (m = 3.6 x 10* cps uM'^) 
and fluorescence enhancement (£ = 10) (Stliran & Poulter, 
1995). 

Inhibition Studies. Stock solutions of 1-P-GGOH were 
prepared in DMSO. Stock solutions of Cys-AMBA-Leu 
were prepared in H2O, and DTT was added to 5 mM. The 
concentration of Cys-AMBA-Leu was determined by thiol 
titration prior to the addition of DTT. For inhibition studies. 
GGPP .^solutions were prepared in 25 mM NH^HCO3/0.44% 
/i-Dodecyl j9-D-maltoside to reduce variation in duplicate 
measurements at low GGPP concentrations which can arise 
from GGPP adsorption to pipette tips and microcentrifuge 
tubes (Zhang et al., 1994b). Typically, solutions of GGPP 
(10 dansyl-GCIIL (10 wL), and inhibitor (10 ^^L) «/ere 
added to detergent- free assay buffer (180 uL), preincubated 
at 30 'C for 5 min, and initiated with PGGTase-I as described 
above. A bandpass of 6.4 or 7.6 nm was used in ail 
inhibition studies. The conversion factor at each slit width 
was determined in separate calibrauon experiments as 
described previously (Stinan & Poulter. 1995). 

The ability of PGGTase-I to geranylgcranylatc Cys- 
AMBA-Leu was examined using a TLC assay similar lo that 
reported for PFTase (Goldstein et al., 1991). Cys-AMBA- 
Leu (230 /iM) wa.s incubated with pH]GGPP (110 mCi 
mmol"*, 8.5 ^M) and PGGTaie-I (160 ng) in 50 mM Tris- 
HQ, pH 7.5. 5.0 mM DTT, 1.0 mM MgCh, 10 fzM ZnCh. 
0.020% n-Dodecyl ^-D-maitosidc (25 ^L) for 30 min at 30 
"C. The entire reaction mixture was sponed onto a 4 x 18 
cm analyucal aluminum-backed silica TLC plate (Wiaunan) 
and allowed to dr>'. The plate was elutcd with n-propyl 
alcohol/ammonium hydroxidc/watcr (6:3:1 v/v/v), and cut 
into I cm scrips. Scintillation fluid (DyoScint, (ICN)) (10 
mL) was added, and the samples were counted for radioac- 
tivity. 

Mtasurement of the Dissociation Constant for GGPP . 
The Ko for GGPP dissociating from the PGGTasc-I-GGPP 
complex was determined at 30 *C using [^HIGGPP (1 Ci 
mmol"*) in buffer containing 50 mM Tris-HCl. pH 7.5, 5,0 
mM DTT. 1.0 mM MgCh, 10 //M ZnCh, 0.020% n-Dodecyl 
^.D-makoside. Solutions (iOO /zL) containing PGGTase-I 
(0,21 f/M) and pHjGGPP (0.065-0.58 /^M) were incubated 
at 30 "C for 30 min and chcn transfcnxd to a Microcon-30 
(Amicon). The sample was ccntrifuged (ca. 10 s), allowing 
a small volume (lO- 15 /iL) to pass through the membrane. 
A portion (10 fiL) was taken from the lop companment and 
counted to deccnninc the nnal GGPP concentration. The free 
GGPP concentration wjis determined from the bottom 
companment after correcrjng for membrane retention using 
a correction factor obtained in an idendcal experiment, except 
in the absence of enzyme. Ko was calculated by fitting the 
data to the following equation: (bound GGPP] = [E1[fi'ee 
GGPP)/(A:d + {free GGPP]). 

Equations for Analysis of Kinetic Data, For the mecha- 
nism shown' in Scheme I. the dependence of the steady- 
state velocity on substrate concenirarion for PGGTase-I is 
shown in eq 1, where C and D are the concentrations of 
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Scheme 1: Aa Ordered Bireactanc Mcx-hanism 
it. 



E * G ^ 



products 



GGPP and dansyl-GCIIL respecuvely. K^\^ and are 
(he J^'m values for GGPP and dansyl-GCIIL at saturating 
second iiub-stratc concentration, respectively. m the di?;- 
sociation constant Tor GGPP, u is the velocity of product 
formation, and V i,s the mdximal velocity of product for- 
manon. 
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A graphical analysis of double reciprocal ploLs was used 
to determine the mode of inhibition, and data were fit lo the 
appropriate rate equation u^iing a nonlinear regression 
analysis to obtain inhibition constanti (Lcatherbarrow, 1992). 
Equations 2 and 3 were used for competitive and uncom- 
petitive inhibition. Data for substrate inhibition were fit to 
eq 4, where V", and Kx arc apparent constants (Danenberg 
k Danenberg, 1978). 



V — 
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RESULTS 

Steady-Srace Kinetic Studies, Earlier idnetic studies with 
mammalian PGGTase-I suggested that the enzyme binds 
substrates by a mechanism which is formally random (Zhang 
ct al.. 1994b; Yokoyama et al, 1995) but has a kinctically 
preferred pathway in which GGPP binds before peptide 
(Yokoyama ct al., 1995). Using dead-end reversible inhibi- 
tors, wc found that yeast PGGTase-I bound GGPP before 
dansyl-GCIIL by an ordered mechanism with no evidence 
for a random component. We examined the steady-state 
mechanism for recombinant yeasi PGGTase-I using a 
condnuous fluorescence assay based on the large fluores- 
cence enhancement that accompanies geranylgeranylation of 
the dansylated pentapeptide substrate dansyl-GCIIL (Stinan 
4: Poulier, 1995) to measure initial velocides. This aasay is 
more precise than single point assays that measure incorpo- 
ration of radioactivity into prenylated peptides. Steady-state 
kinetic constants were obtained by fitting hyperbolic plots 
of initial velocity versus GGPP (G) concentration, at several 
concentrations of dansyl-GCIIL (D) (Figun: 1), to eq 1: ATm^ 
= 0.94 i 0.03 fiM, Kt,^^ = 1.3 ± 0.2 ^M, K,, = 0.35 ± * 
0.01 and A', = 14 i 80 nM. Double reciprocal plots of 
the initial velocities versus the concentration of GGPP, at 
different concentrations of dansyl-GCIIL, were parallel over 
substrate concentrations between 0.5Am and 6^mi consistent 
wixhK.^^K^^ (Segcl, 1975). 

Given the uncertainty in the calculated value for K^. the 
dissociation constant for GGPP was determined in a separate 
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FiCURE 1 : A double reciprocal plot of initial velcciiies versus GGPP 
concentrations at fixed concentrations of dansyl-GCIIL, The 
concentfation of GGPP was varied between 0.5 and 5/iM at several 
dansyl-GCIIt concenirations: 9.5 (0). 3.8 (•), 2.3 (O), 1.7 (■). 
und 1,0 (A). Assays were earned ou: in duplicate under standard 
msay conditions and lines were catculaEed using the appropriate 
equation (sec MaceriaU and Method-S). 

experiment using a microfUtration assay. The measured 
value for Ao = 120 ± 20 nM is similar to that reponed 
previously for ths yeast PFTase-FPP complex (Dolence ct 
aL. 1995) and is significantly larger than that observed for 
mammalian PGGTase-l (Yokoyama et al., 1995). If in 
eq I is fixed at the experimenully determined Ko for GGPP 
(120 nM), a very modest change in the calculated steady- 
state kinetic: constants is observed: A'm^ = 0.S6 ± 0.05 //M. 
Am"^ = 1.6 ± 0.1 ptM, and kc^ = 0.34 ± O.Ol s'^ 

Kinetic Studies with Dead- End Reversible Inhibitors. 
Compounds that are dead-end inhibitors for GGPP and 
dansyl-GCIIL were used to distinguish between random and 
ordered binding mechanisms for addition of substrates to 
PGGTase-l. Since uncompetiuve Inhibition is not observed 
with substrate analogs possessing significant activity (Spector 
and ClelancL 198 i), a thin-layer chromatographic assay was 
used to coniirm that Cys-AMBA-Lcu (Nigair ct al., 1993) 
was completely inert towards geranylgeranylation by PGG- 
Tase-I (data not shown). Double reciprocal plots of initial 
velocities for varied dansyl-GCllL and GGPP concentrauons 
at different fixed concentrations of Cys-AMBA-Lcu are 
shown in Rgure 2. When dansyl-GCIIL was the varied 
substrate, in the presence of a fixed concentration of GGPP. 
Cys-AMBA-Leu gave a competitive inhibition profile (Ki^ 
= 78 ± 8 ;(M) (Figure 2a). When the concentration of 
GGPP was varied at fixed concentrations of dansyl-GCIIL, 
the data for inhibition by Cys-AMBA-Leu showed uncom- 
petitive inhibition (ATr, = 140 ± 10 /iM) (Figure 2b), 
consistent with an ordered kinetic mechanism. 

A hydrcxyphosphonic acid analog of GGPP, l-P-GGOH. 
was a competitive inhibitor of yeast PGGTase-I when GGPP 



Y 



Cv5-AM3A-C«u 



i.p-GCOH 



was varied (Figure 3a). The inhibition constant for l-P- 
GGOH (Ki, = 0.20 :t 0.05 //M) is similar to the value 
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riCL'Rfi 2: Inhibition of PGGTasc-I by Cys-AMBA-Leu. (A) A 
double reciprocal plot of initial velocity versus dansyl-GCIIL 
concentration at 0 (O), 50 (•). 100 (□). 200 (■) Cys-AMBA- 
Leu and a fixed unsaturating concentration of GGPP (1.2 ^M). (B) 
A double reciprocal plot of initial velocity versujj GGPP concencra- 
lion at 0 (O), 50 100 (□). or 200 (■) Cys-AMBA-Leu 
and a fixed unsaturating concentration of dansyl-GCltJL (2.9 /^M). 
Each assay was performed in duplicate and the calculated lines 
were obtained using the appropriate equation (see: Materials and 
Methods). 

obtained for the mammalian enzyme (Yokoyama et al.. 
1995). Furthermore, in the presence of unsaruradng con- 
cencracions of GGPP, 1-P-GGOH induced sub^itrate inhibition 
by dansyl-GCIIL (Figure 3b). 

These results are consistent with an ordered mechanism, 
where the dead-end inhibitor that ii competitive with the first 
substrate induces substrate inhibition by the second substrate 
(Fromm, 1967; Danenbcrg Sc Danenberg, 1978; Cleland, 
1990). This scenario is illustrated for the ordered mechanism 
shown in Scheme 2. where dansyl-GCIIL (D) binds to the 
enzymc'I-P-GGOH complex to form an inactive ternary 
E-I-D complex. An increase in the concentration of dansyl- 
GCIIL (D) increases the concentration of the E*I"D complex. 
Since binding and, by the principle of microscopic revers- 
ibility, dissociation is ordered, the inhibitor is unable lo 
dissociate prior to D. Thus, the amount of enzyme available 
to bind GGPP (G) is reduced. Conversely, in a random 
mechanism where the dissociation of each subsffate is 
unaffected by the other substrate, induced substrate inhibition 
is not observed since the inhibitor would be free to dissociate 
from the inactive E-I-D complex to form the productive 
complex E-D. We were unable to extract individual inhibi- 
tion constants from thi.s data using the full rate expres.sion 
describing the induced substrate inhibition (Danenberg & 
Danenberg. 1978: Cleland. 1990) shown in Scheme 2. 
Apparent Michaeiis and inhibition constants for dansyl- 
GCIIL (Km° and for different fixed concentrations of 
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Ftct/Re 3: Inhibition of PGGTase-I by l-P-GGOH. (A) A double 
reciprocal plot of initial velocity versus GGPP concentration at 0 
(O), 0,40 (•), 1.6 (D). or 4.0 //M (■) l-P-CCOH and a fixed 
unsaturating concentration of dansyl-GCIIL (4.0 ;<M). (B) A double 
reciprocal plot of inidal velocity vcr3us dansyl-GCDL concentration 
at 0 (0), 7.7 (•), 15 (C). or 30 /iM (■) 1-P-GGOH and a fixed 
unsaruradng concenu-adon of GGPP (1 //M). The apparent Michaeiis 
and inhibition constants for dansyl-GCIIL (/^m" and at the 
variou.^; 1-P-GGOH concentracions. obtained from eq 4 are as 
follows: 0 /iM l-P.GGOH, Km^ = 6.3 //M; 7.7 /iM l-P-GGOH, 
/Cm°= l0A(M./f;^= 1.6;/M; 15/iM l-P-GGOH, /:^(^ = 6.2/iM, 
KP = 1.7 /i.M; 30 UF-GGOH, K^^ - 3.8,ZiM» fCp - 3.4 ^M. 
Each aiisay was perfomied in duplicate and the calculated lines 
were obtained using the appropriate equation (see Materials and 
Methods). 

Scheme 2: An Ordered Bireactam Mechanism with Induced 
Substrate Inhibition 

Q 0 prodCCM 




ECD 



EI EID 

l-P-GGOH, were obtained from fitting the data in Figure 
3b to eq 4 and are given In the figure legend. A plot of \lv 
versus the dansyl-GCIIL concentration, in the region of the 
induced substrate inhibition (3-9 //M dansyl-GCIIL) at 1 
wM GGPP and 30 /iM I -P-GGOH is linear (data not shown), 
consistent with the prediction from Scheme 2 that there is a 
high degree of order in this reaction and that the rate for the 
reaction approaches zt;ro as the concentration of dansyl- 
GCIIL is raised. Conversely, a significant contribution from 
a random pathway would result in partial substrate inhibition 
and a hyperbolic plot of Vv versus dansyl-GCIDL (Danenberg 
& Cleland, 1975). 
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Induced .-iiubstratc inhibition by dansyl-GCIIL should be 
competitive wiih rcspeci to GGPP (G), since ai a saiurating 
concentration of GGPP all enzyme should be in the E-G 
form. Conversely, a noncompetiuve pauern is expeaed if 
the substrate inhibition resulted from a different mechanism, 
such as dansyl-GCIIL binding to a .secondary site on the 
enzyme. A double reciprocal plot in which GGPP was varied 
from 1 to 7 /iM at three diffeient inhibitory levels of dansyl- 
GCIIL (2.9. 5.7, and S.5 fiM) in the presence of 14 /zM 1-P- 
GGOH gave a competitive inhibition pattern (consistent with 
the mechanism presented in Scheme 2, although a .small 
deviation from the expected competitive pattern was observed 
for ihe lowest concencraiion of dansyl-GCIIL, where substrate 
inhibition was weakest. Values of A'i, (5 /iM) and /l'm° (4 
/iM) were detennined from a slope replot. 

DISCUSSION 

Previous steady-state kinetic studies with the mammalian 
form of PGGTase-I indicated that ihe enzyme binds sub- 
strates by a random sequential mechanism (Zhang et al. 
1994b: Yokoyama et a)., 1995). Isotope trapping experi- 
ments, however, .vjggested that an ordered binding of 
substrates was required lo produce a competent ternary 
complex. Enzyme-bound GGPP was trapped as product 
before dissociating from the enzyme upon addition of a 
peptide substrate; whereas, enzyme-bound peptide was not 
trapped by GGPP (Yokoyama et al, 1995). These result,** 
were interpreted to suggest that PGGTase-I adds substrates 
by a "formally random," mechanism, while possessing a 
kinetically preferred pathway where GGPP binds before 
peptide (Yokoyama et al., 1995), Similar results were 
reported for mammalian PFTases (Pompliano et al., 1993; 
Furfme at al., 1995). However, a steady-state kinetic analysis 
of the ycasi enzyme with dead-end inhibitors for FPP and 
peptide gave classic double reciprocal plots for an ordered 
mechanism where FPP adds first (Dolence et al„ 1995), 

PFTases, from a variety of sources (Dolsnce et al., 1995) 
and mammalian PGGTase-1 (Yokoyama et al. 1995) are 
inhibited by their peptide .substrates. Dolence and co-workers 
(1995) concluded for the yeast enzymes that inhibition 
probably re.*;ulted from nonproductive binding of the peptide 
in a manner that blocked entry of FPP into the catalytic site. 
Our earlier studies with yeast PGGTase-1 gave no indication 
of substrate inhibition over a range of peptide concentrations. 
0.5 < i^M ^ 5 (Stinan <fe Poultcr, 1995). Since the amino 
acid sequences of PFTases and PGGTases have substantial 
similarity, indeed they have a common subunit in their hosi 
organisms, one anticipates .<:imilar binding mechanisms for 
the two enzymes. The ab.^cncc of substrate inhibition for 
yeast PGGTase-1 presumably resulted from a higher dis- 
sociation constant for the enzyme-peptide comple,x. How- 
ever, when the yeast enzyme was incubated with 1-P-GGOH, 
an unrcactive analog of GGPP, the peptide substrate became 
a potent inhibitor. These result? are consistent with an 
ordered addition of substrates where binding of the second 
substrate, in this case peptide, is enhanced v;ub.stantially by 
binding of the first. 

The Michaelis and dissociation constants for GGPP with 
yeast PGGTase-I are significantly higher than previously 
reported for its mammalian counterpart (Zhang et al.. 1994b; 
Yokoyama et al. 1995). A similar trend was found for 
PFTases (Cassidy et al. 1995; Dolence et al, 1995). The 
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phenomenon has been reported for other prenyltransferascs 
and may reflect intrin.sic differences in the levels of 
intermediates in the isoprenoid pathways in yeast and 
mammals. 

In contrast to mammalian PGGTase-1, the recombinanr 
yeast enzyme gave doable reciprocal plots with dead-end 
inhibitors that we^e fully consistent with an ordered mech- 
anism. Cys-AMBA-Leu was competitive against dansyl- 
GCIIL and uncompetitive against GGPP. 1-P-GGOH gave 
a classic competitive profile against GGPP and induced 
substrate inhibition by dansyl-GCfIL in a manner consistent 
with the binding mechanism outlined in Scheme 2. 

In summary, stt*ady state kinetic studies of recombinant 
yeast PGGTase-I indicate that the enzyme binds substrates 
by an ordered mechanism with addition of GGPP before 
peptide. In contrast to other PFTases and PGGTases-I, the 
yeast enzyme is not inhibited by its peptide substrate at 
concentrations up to 5Mm, However, strong substrate 
inhibition is seen in the presence of a dead-end inhibitor for 
GGPP, indicating a subsinndal synergisdc effect in substrate 
binding. These reiiults, taken together with the uncompetitive 
inhibition profile from our dead-end peptide subsu*ai£ analog, 
firmly support an ordered mechanism. 
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Phase I and Pharmacokinetic Study of the Oral Farnesyl 
Transferase Inhibitor SCH 66336 Given Twice Daily to 
Patients With Advanced Solid Tumors 

By Ferry A.LM. Eskens, Ahmad Awada, David L Cutler, Maja J.A. de Jonge, Gre P.M. Luyten, Marije N. Faber, 
Paul Statkevich, Alex Sparreboom, Jaap Verv/eij, Axel-R. Hanauske, and Martine Piccart for the European Organization 
for Research and Treatment of Cancer Early Clinical Studies Group 



Purpose : A single-agent dose-escalating phase I 
and pharmacokinetic study on the farnesyl transferase 
inhibitor SCH 66336 was performed to determine the 
safety profile, maximum-tolerated dose, and recom- 
mended dose for phase 11 studies. Plasma and urine 
pharmacokinetics were determined. 

Patients and Methods : SCH 66336 was given orally 
bid without interruption to patients with histologically 
or cytologically confirmed solid tumors. Routine anti- 
emetics were not prescribed. 

Results : Twenty-four patients were enrolled onto 
the study. Dose levels studied were 25, 50, 1 00, 200, 
400, and 300 mg bid. Pharmacokinetic sampling was 
performed on days 1 and 15. At 400 mg bid, the 
dose-limiting toxicity (DLT) consisted of grade 4 vomit- 
ing, grade 4 neutropenia and thrombocytopenia, and 
the combination of grade 3 anorexia and diarrhea with 
reversible grade 3 plasma creatinine elevation. After 
dose reduction, at 300 mg bid, the DLTs consisted of 
grade 4 neutropenia, grade 3 neurocortical toxicity. 



and the combination of grade 3 fatigue with grade 2 
nausea and diarrhea. The recommended dose for 
phase II studies is 200 mg bid, which was found feasi- 
ble for prolonged periods of time. Pharmacokinetic 
analysis showed a greater than dose-proportional in- 
crease in drug exposure and peak plasma concentra- 
tions, with increased parameters at day 1 5 compared 
with day 1, indicating some accumulation on multiple 
dosing. Plasma half-life ranged from 4 to 1 1 hours and 
seemed to increase with increasing doses. Steady-state 
plasma concentrations were attained at days 7 through 
1 4. A large volume of distribution at steady-state indi- 
cated extensive distribution outside the plasma 
compartment. 

Conclusion : SCH 66336 can be administered safely 
using a continuous oral bid dosing regimen. The recom- 
mended dose for phase II studies using this regimen is 
200 mg bid. 

J Clin Oncol 19:1167-1175. o 2007 by Amencan 
Society of Clinical Oncology. 



IN MAMMALIAN CELLS, three functional ras genes are 
found. K-ras, N-ras, and H-ras genes encode for K-Ras, 
N-Ras, and H-Ras proteins, respectively. Ras is synthesized 
as a soluble and biologically inactive protein that undergoes 
several posttranslational modifications before being local- 
ized to the inner surface of the plasma membrane, where it 
exerts its activity as transducer of various extracellular 
growth-promoting stimuli. An essential step in the post- 
translational processing of Ras is famesylation, the addition 
of a farnesyl or Cj5 isoprenoid moiety from farnesyl 
diphosphate to the cysteine residue at the C-terminal side of 
Ras. Farnesyl transferase is the crucial enzyme in this 
process.*'*** Mutations in one or more ras genes are fre- 
quently found in various human tumor types in variable 
incidence,"'*^'*^ Mutated ras oncogenes encode for oncopro- 
teins that are synthesized in a way completely comparable 
to the synthesis of normal Ras. However, Ras oncoproteins 
are insensitive to the inhibitory activity of GTPase activat- 
ing protein. As a result, cells harboring these Ras oncopro- 
teins will show autonomous proliferation and malignant 
transformation. 

As famesylation of Ras oncoproteins is the essential 
enzymatic step in the process of posttranslational activation, 
inhibiting this step could theoretically result in the inhibi- 



tion of this autonomous and malignant growth and prolif- 
eration. Thus, specific inhibitors of farnesyl transferase 
could possibly lead the way toward a specifically targeted 
treatment of ras oncogene- dependent tumor. Recently, 
however, evidence has emerged that the antiproliferative 
effects of famesyl transferase inhibitors do not depend 
solely on inhibition of Ras and that the gain of alternate 
prenylated (geranylgeranylated) forms of the Rho protein 
Rho-B mediate cell growth inhibition.** Besides, when 
inhibiting famesylation, it has to be taken into account that 
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Fig 1. Chemical structure of SCH 66336. 



this process is not restricted to Ras, as other cellular proteins 
also have to be famesylated before exerting their activity.^ 
Several specific inhibitors of famesyl transferase have been 
developed. SCH 66336 ((IIR) 4[2[4-{3,10-dibromo-8-chloro- 
6,ll-dihydro-5H-benzo[5,6] cyclohepta [l,2b]pyridin-llyl)-l- 
pypera2:inyl]-2-oxoethyl]-l-piperidinecarboxamide) (Fig 1) is 
a tricyclic nonpeptidyl, nonsulphydry! famesyl transferase 
inhibitor. In vitro, it blocks famesylation of H-Ras by purified 
human famesyl protein transferase with an 50% inhibitory 
concentration (IC50) of 1.9 nmol/L and famesylation of 
K-Ras-4B with an IC50 of 5.2 nmol/L. SCH 66336 blocks 
anchorage-independent growth of K-Ras-transformed rodent 
fibroblasts with an IC50 of 0.4 /Ltmol/L and blocks the trans- 
formed growth properties (eg, anchorage-independent growth) 
of rodent fibroblasts that have been transformed with mutant 
ras and human tumor cell lines containing mutated ray.*^'*^ It 
does not inhibit geranylgeranyl protein transferase 1 in con- 
centrations up to 50 /uunol/L. Anchorage-independent growth 
of various mutated K-ras- containing human tumor cell lines, 
such as HTB 177 lung carcinoma, A549 lung carcinoma, HCT 
116 colon carcinoma, and HPAF II and MiaPaCa pancreatic 
carcinoma, is inhibited by SCH 66336 at concentrations of 0.5 
/imol/L, whereas the growth of the DLD-1 colon carcinoma 
cell line is inhibited at 3 fimoVL. Interestingly, several human 
tumor cell lines that do not contain ras mutations, such as HTB 
173 and HTB 175 lung carcinoma and MCF-7 breast carci- 
noma, are also sensitive to the growth-inhibitory effects of 
SCH 66336. This might be explained in part by the action of 
oncogenes or autocrine factors that lie upstream in the Ras 
signal transduction pathway. In in vivo studies, SCH 66336 
showed growdi-inhibitory effects in human tumor xenografts, 
including DLD-1 and HCT 16 colon carcinoma, A549 and 
HTB 177 lung carcinoma, AsPc-1, HPAF-II, HS 700T and 
MiaPaCa pancreas carcinoma, and DU 145 prostate carci- 
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noma. Additionally, in a WAP-H-ray transgenic motise model 
developing tumors of the mammary and salivary gland, dose- 
dependent tumor regressions have been recorded.*'* Preclinical 
chronic oral toxicity studies revealed dose-dependent myelo- 
suppression, weight loss, diarrhea, and vomiting in rats and 
monkeys (Schering-Plough Research Institute, Kenilworth, NJ, 
data on file). 

This phase I and pharmacokinetic study represents the first 
administration of SCH 66336 in patients with advanced solid 
tumors using a continuous twice daily oral dosing regimen, 

PATIENTS AND METHODS 

Eligibility Criteria 

Patients with a cytologically or histologically confirmed diagnosis of 
a solid tumor refiractory to standard treatment or for whom no standard 
therapy was available were eligible for this study. Patients with primary 
CNS neoplasm, known brain or leptomeningeal metastases, or known 
bone marrow involvement were excluded. Further eligibility criteria 
included the following: age s 18 years; Worid Health Organization 
performance status of ^ 2; life expectancy of s 12 weeks; no 
anticancer therapy in the previous 4 weeks (6 weeks for nitrosoureas or 
mitomycin); no prior bone marrow or stem-cell transplantation; no 
known human immunodeficiency virus positivity or AIDS-related 
illness; adequate function of bone marrow (hemoglobin s 6.2 mmol/L, 
absolute neutrophil count & 1.5 X lO'/L, platelet count s 100 X 
10^/L), liver (bilirubin ^ 25 /imol/L; AST and ALT within 2.5 times 
the normal upper limit), and kidney (serum creatinine ^ 140 ^mol/L); 
ability to take oral medication; and no more than two prior combination 
chemotherapy regimens or one prior combination regimen plus two 
single-agent regimens. Local ethics boards approved the protocol and 
informed-consent brochures. All patients gave written informed con- 
sent at study entry. 

Pretreatment Assessment and Follow-Up Studies 

Before therapy, a complete medical history was taken and a physical 
examination was performed. A complete blood count, including WBC 
differential, and serum chemistry, including sodium, potassium, cal- 
cium, magnesium, phosphorus, urea, uric acid, creatinine, total protein, 
albumin, glucose, alkaline phosphatase, bilirubin, AST, ALT, gamma- 
glutamyl transpeptidase, and lactate dehydrogenase, were performed, 
as were urine analysis, ECG, and chest x-ray. Because some visual 
proteins (ie, rhodopsin kinase and transducin gamma) are known to 
undergo famesylation, patients were referred for ophthalmologic ex- 
amination including retinal photography before treatment, after 4 and 8 
weeks, and bimonthly thereafter. Weekly evaluations included history, 
physical examination, toxicity assessment according to National Can- 
cer Institute common toxicity criteria (version date December 1994), 
complete blood count, serum chemistries, urine analysis, and ECG. 
Tumor measurements were performed before treatment, at 4 and 8 
weeks, and bimonthly thereafter and were evaluated according to the 
World Health Organization criteria for response.'^ In case of progres- 
sive disease, patients were taken off study. 

Drug and Drug Administration 

SCH 66336 ((1 IR) 4[2[4-(3,10-dibromo-8-chloro-6,l l-dihydro-5H- 
benzo[5,6] cyclohepta[l,2b]pyridin-l lyl)-l-pyperazinyl]-2-oxoethyl]- 
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1-piperidinecarboxamide) is a crystalline solid containing one chiral 
center. It was supplied as 25-, 100-, and 200-mg blue opaque gelatin 
capsules by Schering-Plough Research Institute. The capsules were 
swallowed immediately after breakfast and after supper, with approx- 
imately 240 mL of noncarbonated water. On days of pharmacokinetic 
sampling, patients were administered standardized meals immediately 
before drug administration. SCH 66336 was taken for 28 consecutive 
days and was continued in case of stable disease or disease remission 
after this period for as long as no disease progression and/or no 
unacceptable drug-related toxicity was seen. Routine antiemetics were 
not prescribed. SCH 66336 administration was immediately interrupted 
at the occurrence of dose-limiting toxicity (DLT). 

Dosage and Dose Escalation 

The starting dose of SCH 66336 was 25 mg bid. This dose was based 
on the safety results of the I5-mg/kg/d dose in 3-month toxicology 
studies in monkeys. Although this was not a "no-effect dose," the only 
findings in monkeys were increased liver weight. At the first day of 
treatment, patients were given a single dose for pharmacokinetic 
purposes. 

Dose escalation was perfonned according to a schedule of dose 
doublings. At each dose level, a minimum of three patients had to have 
28 days of treatment before escalation was allowed. Once DLT was 
seen in one patient at a given dose level, at least six patients had to be 
treated at that dose level before fiirther dose escalation was allowed. 
DLT was defined as any ^ grade 3 nonhematologic toxicity or a serum 
creatinine elevation of s three times the upper limit of normal. Grade 
3 fever in absence of infection and grade 3 nausea or vomiting in 
patients not receiving adequate antiemetic treatment were not consid- 
ered DLT. Neutropenia or thrombocytopenia s grade 3 or grade 4 
anemia constituted hematologic DLT. The maximum-tolerated dose 
was defined as the highest dose to be administered to a group of six 
patients producing tolerable, manageable, and reversible but DLT in at 
least two out of six patients. At the proposed dose for phase II studies, 
a maximum of one out of six patients was allowed to experience DLT. 
No intrapatient dose escalation was allowed. 

Pharmacokinetic Studies 

For pharmacokinetic analysis, 6-mL blood samples were taken on 
day 1 via an intravenous cahnula before administration, at 30, 60, and 
90 minutes, and at 2, 4, 6, 8, 12, 14, and 24 hours after dosing. On day 
14, a blood sample was taken before the evening dose; on day 15, blood 
samples were taken before the morning dosing, at 30, 60, and 90 
minutes, and at 2, 4, 6, 8, and 12 hours after dosing, with the last 
sample to be taken before the evening dose. On day 16, a sample was 
taken before the morning dose. If patients were on u^atment aftcr^ three 
28-day cycles, optional pharmacokinetic blood samples were again 
obtained. Blood samples were collected in sodium heparin tubes and 
were immediately centriftiged at 3,000 rpm for 15 minutes at 10°C, 
after which plasma was divided into two aliquots of at least 1 mL and 
firozen at -70°C until analysis. Plasma samples were assayed by a 
specific and sensitive high-performance liquid chromatography as- 
say.*** The lower limit of quantitation of the assay was 1 .0 ng/mL. SCH 
66336 excretion in urine was measured on day 15 in urine samples 
collected from 0 to 6 and 6 to 12 hours after dosing. Urine samples 
were analyzed using the same validated high-performance liquid 
chromatography assay. For urine analysis, the lower limit of quantita- 
tion was 2.0 ng/mL. 

For each patient, the area under the plasma concentration-versus- 
time curve (AUC) was calculated by the trapezoidal rule and extrapo- 



lated to infinity by linear regression analysis. The apparent total-body 
clearance/F (F denotes the oral bioavailability fraction) was calculated 
as dose/AUC. The apparent volume of distribution at steady state 
(^d,w^) was calculated by a noncompartmental method based on the 
statistical moment theory.'^ The terminal disposition half-life was 
calculated by dividing 0.693 by the fitted rate constant for drug 
elimination ft'om the central compartment, estimated by linear regres- 
sion analysis of the final data points of the log-linear concentration- 
time plot. 

Statistical Analysis 

Interpatient differences in pharmacokinetic parameters were as- 
sessed by the coefficient of variation, expressed as the ratio of the SD 
and the observed mean. Pharmacokinetic parameters were analyzed as 
a fimction of the SCH 66336 dose level using the Kruskal-Wallis 
one-way analysis of ranks followed by Dunn*s multiple comparison 
test for identifying statistically different groups. Variability in pharma- 
cokinetics between administration days was evaluated by either the 
paired Student's t test after testing for normality and heteroscedasticity 
or the Wilcoxon test for matched pairs. Statistical calculations were 
performed using the Number Cruncher Statistical System 5.X series 
(J.L. Hintze, East Kaysville, UT). Statistical significance was consid- 
ered to be reached at /* < .05, with a two-tailed distribution. All data 
are presented as mean ± SD, except where indicated otherwise. 

RESULTS 

Twenty-four patients (14 men and 10 women) with a 
median age of 56 years (range, 28 to 77 years) were enrolled 
onto the study. Patient characteristics are listed in Table 1 . 
The median duration of treatment was 40 days (range, 5 to 
280 days; mean, 63.4 days). Dose levels studied were 25 (n 
= 4), 50 (n = 5), 100 (n = 3), 200 (n = 6), 400 (n = 3), 
and 300 (n = 3) mg bid. 

Hematologic Toxicity 

Hematologic toxicities observed in this trial are listed in 
Table 2. Transient grade 1 neutropenia reversible without 
treatment interruption was seen in the fourth week and in 
the fourth month of treatment in one patient at 50 mg bid 
and in the first week and the second month of treatment in 
one patient at 100 mg bid. At 400 mg bid, grade 4 
neutropenia lasting from day 14 to 28 was seen in one 
patient. Granulocyte colony-stimulating factor was admin- 
istered from day 26 to 29. This patient also developed 
transient grade 4 thrombocytopenia after withdrawal of the 
study drug. At 300 mg bid, grade 4 neutropenia lasting from 
day 17 to 35 was seen in one patient. No granulocyte 
colony-stimulating factor was administered. Transient grade 
1 thrombocytopenia was recorded in the third week of 
treatment in one patient at 25 mg and 300 mg bid, 
respectively. One patient at 300 mg bid developed grade 2 
thrombocytopenia lasting 5 days after treatment had been 
stopped because of other toxicities. One patient at 400 mg 
bid developed grade 3 anemia 6 days after treatment had 
been stopped. 
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Table 1. Patient Characteristics 



Choroclenstic 



No. of Potients 



No. of patients entered 
No. of patients assessable 
Male/female 



24 
24 
14/10 



\ge, years 
Median 



WHO performance status 
Median 
Range 
0 
1 
2 

Prior tfiercpy 
None 

Cfiemotherapy 
Radiotherapy 
Chemo- and radiotherapy 
Primary tumor site 
Colorectal 
Lung 
Breast 
Cervix uteri 
Unknown primary 
Liver 

Miscellaneous 



56.5 
28-77 

1 

0-2 



9 
12 
3 

5 
8 
3 
8 

5 
3 
2 
2 
2 
2 
8 



Abbreviation: WHO, World Health Organization. 



Nonhematologic Toxicity 

Major nonhematologic side effects observed in this trial 
are listed in Table 3. Toxicity was mainly gastrointestinal 
and consisted of watery diarrhea, nausea, vomiting, and 
anorexia. In patients with diarrhea, loperamide administered 
on an as-needed basis resulted in prompt relief of symp- 
toms. At lower doses, vomiting was usually mild and 
required no specific treatment. Anorexia occurred mainly at 
the highest dose levels, was mild, and required no specific 
therapy. Other toxicities consisted of grade 1 or 2 elevation 
of liver enzymes and reversible grade 1 or 2 elevated plasma 
creatinine levels recorded at all dose levels studied. In one 
patient at 400 mg bid, grade 3 anorexia and diarrhea. 



together with grade 2 nausea and grade 1 vomiting, resulted 
in grade 3 creatinine due to dehydration, defining DLT. 
Grade 1 weight loss was recorded in three patients at 200 
mg bid and one patient each at 300 and 400 mg bid. Almost 
all patients who experienced weight loss had various con- 
current gastrointestinal toxicities. Transient grade 2 fever 
was recorded in one patient at 300 mg bid who also 
developed transient grade 2 oral mucositis after SCH 66336 
administration was interrupted because of other side effects. 
Atrial flutter/fibrillation was recorded in the third month of 
therapy in a single patient at 100 mg bid. This patient had a 
prior history of atrial fibrillation. Asymptomatic sinus bra- 
dycardia (55 beats/min) was recorded in the third week of 
treatment in one patient at 300 mg bid. A 24-hour Holter 
monitoring following the day of onset revealed numerous 
episodes of bradycardia. Nineteen days after discontinua- 
tion of the study drug because of other toxicities, 24-hour 
Holter monitoring showed no fiirther episodes of bradycardia. 
Serial ECGs showed no relevant changes in any of the patients. 
Ophthahnologic examinations revealed no retinal changes. 

DLT 

Since in the first three patients at 200 mg bid no toxicity 
greater than grade I was recorded, the dose was doubled to 
400 mg bid. At this dose, DLT was seen in three consecu- 
tive patients. It consisted of grade 4 vomiting in the first 
week of treatment in one patient, grade 4 neutropenia lasting 
14 days that coincided with grade 4 thrombocytopenia 
lasting 5 days which occurred after 2 weeks of treatment in 
a second patient, and the combination of grade 3 diarrhea, 
grade 3 anorexia, grade 2 nausea, and grade 1 vomiting 
leading to reversible grade 3 elevation of plasma creatinine 
that occurred after the first week in a third patient. Three 
additional patients were then treated at the next lower dose 
level of 200 mg bid, but as no additional DLTs were 
recorded, it was decided to escalate the dose to 300 mg bid. 
At this dose, DLT was again observed in three consecutive 
patients, consisting of grade 4 neutropenia lasting 10 days 
and occurring after 3 weeks of treatment, reversible grade 3 



Table 2. Hematologic Toxicity (worst per patient 



, Neotropenia (CTC grode) Thromb ocytopenia (CTC grode) 

Dose Level " "" ■ ■■ ■ " ■ 

tbid,mgl No.ofPotienb t 2 3 A 1 2 3 4 

25 4 — 

50 5 

100 3 i_ — _____ 

200 6 — — - 

400 3 — 1 

300 3 „ _ _ 1 1 1 _ - 



Abbreviation: CTC, common toxicity criteria. 
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Table 3. Nonhemotologic Toxicity (worst per patient) 

h4ausea Anorexia Fatigue Neurocorticol Creatinine 

(aC grode) (aC grode) DiorrheQ (aC grode) Vomiting (QC grode) (aC grode) (OC grade) (ac grode) 



(bid, mg) No. of Patients 12312312341234123123123 



25 


4 














50 


5 


1 












100 


3 


1 












200 


6 


5 


— 1 4 — 1 


1 1 


2 1 2 


2 - - 3 




400 


3 




3 — — — 2 


1 1 


I — 2 




1 - — - - 1 1 1 


300 


3 


2 


1 — 11 — 


2 1 


— — 2 




1 1 „ _ 1 1 _ _ 



neurocortical toxicity consisting of disorientation and con- 
ftision in the first week of treatment, and the combination of 
grade 3 fatigue with grade 2 nausea and grade 2 diarrhea 
occurring in the third week of treatment. No patient at 400 
mg bid or 300 mg bid was able to complete 28 days of 
treatment. The recommended dose for phase II trials was set 
at 200 mg bid. The six patients treated at this dose level 
received the drug for a median of 57 days (range, 52 to 280 
days). 

Pharmacokinetics 

Pharmacokinetic studies were completed in all 24 pa- 
tients. The plasma concentration-versus-time profiles of 
SCH 66336 were similar for all patients studied, with mean 
curves obtained at the tested SCH 66336 dose levels shown 
in Fig 2, The mean single-dose noncompartmental pharma- 
cokinetic parameters of SCH 66336 after doses ranging 
from 25 to 400 mg are listed in Table 4. Significant 
interpatient variability in pharmacokinetic parameters was 
apparent at all dose levels. The absorption of the drug was 
relatively slow, and peak concentrations were reached 
between 2.7 and 8.0 hours after drug intake. Peak plasma 
concentrations as well as AUCs increased in a greater than 
dose-proportional manner (Fig 3 A). A 16-fold increase in 
dose (from 25 to 400 mg) was associated with an increase in 
mean peak plasma concentration of approximately 56-fold 
and an increase in the AUC of approximately 200-fold. The 
apparent clearance of SCH 66336 decreased exponentially 
from 1,190 ± 462 mL/min at a dose of 25 mg to 101 ± 27.3 
mL/min at 400 mg (Fig 3B), while the Va ^/F decreased 
from 331 ± 27.0 L to 90.4 ± 22.4 L at the same dose levels. 
There was a trend to increasing plasma half-life with 
increasing dose that was statistically significant at the two 
highest dose levels (P < ,007; Kruskal-Wallis test). The 
peak plasma concentrations (not shown) and AUCo.j2 (Ta- 
ble 4) increased approximately two- to five-fold on repeated 
dosing in a dose-independent manner (P ~ .103; Kruskal- 
Wallis test), which is more than expected based on accu- 
mulation effects only (P = .0016; paired Student's / test). In 
contrast, the terminal disposition half-life (data not shown) 



was comparable between days 1 and 15, although the mean 
difference reached borderline significance {P = .04; Wil- 
coxon test for matched pairs of 10 patients). This suggests 
that the dose dependency in apparent clearance does not 
arise primarily from factors associated with saturation of 
excretory routes. Steady-state concentrations of SCH 66336 
were attained by days 7 to 14, with only minor intrapatient 
variability in trough levels (median coefficient of variation, 
15.5%; range, 6% to 60%). The cumulative urinary excretion 
of unchanged SCH 66336 was dose-independent and ac- 
counted for only less than 0.02% of the administered dose. The 
mean renal clearance, ie, the product of the dose-fraction 
excreted unchanged in urine and the apparent total body 
clearance, was estimated as 0.1 17 ± 0.0105 mL/min, suggest- 
ing that SCH 66336 is not cleared by renal processes. 

Response 

No partial or complete responses were seen. One patient 
with pseudomyxoma peritonei had stable disease for 9+ 
months, whereas one patient with metastatic follicular 
thyroid carcinoma had stable disease for 7 months with 
ongoing treatment. 



10000^ 



E 




Time (hr) 

Fig 2. Plasma concentration-versus-time profiles of SCH 66336 in pa- 
tients treated at a dose level of 25 mg (o), 50 mg (•), 1 GO mg (O), 200 mg ( 0 
300 mg M/ or 400 mg (▼). Mean volues (symbols) and SE (bar) are shown for 
all patients treated on day 1 at the indicated SCH 66336 dose level 
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Fig 3. (A) Effect of dose on ihe AUC end (B) apparent clearance of SCH 
66336 in 24 cancer patients. Closed symbols with error bars indicate mean 
values of the pharmacokinetic parameter at eoch of the tested dose levels 
and SD, respectively. 

DISCUSSION 

We performed a phase I and pharmacokinetic study to 
explore safety, tolerability, maximum-tolerated dose, and 



pharmacokinetics of the oral famesyl transferase inhibitor 
SCH 66336. In this study using continuous oral bid admin- 
istration, side effects attributable to the study drug were 
hematologic and nonhematologic, whereas DLTs included 
neutropenia, thrombocytopenia, various gastrointestinal 
side effects, and neurocortical toxicity with reversible dis- 
orientation and confusion. 

The hematologic toxicity of SCH 66336 in the current 
study consisted of dose-dependent, uncomplicated, and 
reversible neutropenia and thrombocytopenia occurring 
mainly at the two highest, nontolerable dose levels tested. 
At the dose level recommended for phase II studies, 200 mg 
bid, myelosuppression did not occur, even in the patient 
who was on treatment for up to 9+ months. This parallels 
the experience in three other studies using different dosing 
regimens of SCH 66336 in which hematologic toxicity was 
absent at these dose levels. One of these studies also 
used a continuous treatment schedule.^** This finding is in 
contrast to results obtained with other famesyl transferase 
inhibitors. In two published reports on L-778,123, a pep- 
tidomimetic famesyl transferase inhibitor given intrave- 
nously, myelosuppression comprised one of the DLTs and 
also occurred at dose levels recommended for further 
activity testing.^ 

Out of three phase I studies^^'^^ that have been reported 
on the famesyl transferase inhibitor Rl 15777, myelosup- 
pression comprised DLT in two,^^'^"* whereas in the third 
study, which used a 5 days on, 9 days off schedule, only 
minimal hematopoietic toxicity was observed.^^ In the only 
published phase I study with the novel famesyl transferase 
inhibitor BMS-2 14662, exploring an intermittent treatment 
schedule, no myelosuppression was recorded.^* Clearly, for 
famesyl transferase inhibitors, myelosuppression is a class 
effect, with marked differences depending on agent and 
schedule of administration. 

The nonhematologic side effects of SCH 66336 in our 
current study were predominantly gastrointestinal and con- 



Table 4. Summary of SCH 66336 Phormocokinetic Data 



Dose Level 
(mgl 


No. of 
Patients 




Tmox (how) 




h/mL) 


Ti/2 (hour) 


CL/F ImL/min) 




AUCdivdi' 


25 


4 


63.9 ± 2.24 


3.4 ± 1.3 


0.397 ± 


0.167 


3.57 ± 1.32 


1,190 ±462 


331 ± 27.0 


2.65 ± 0.27 


.50 


5 


156 ± 96.1 


5.2 ± 1.1 


1.35 ± 


0.955 


3.68 ± 1.49 


845 ± 486 


460 ± 532 


5.28 ± 1.83 


100 


3 


333 ± 70.6 


2.7 ± 1.2 


2.46 ± 


1.96 


4.09 ± 1.29 


958 ± 536 


299 ± 114 


3.66 ± 1.35 


200 


6 


1,380 ± 728 


6.7 ± 2.7 


17,7 ± 


14,4 


,5.45± 1.22 


253 ± 103 


114 + 43.8 


3.29 ± 0.56 


300 


•3 


2,900 ± 1,290 


7.3 ± 1.2 


56.4 ± 


20.0 


10.0 ± 0.59t 


98.7 ± 42.9 


85.4 ± 35.9 


3.38+ 1.60 


400 


3 


3,610 ± 1,290 


8.0 ± 5.3 


69.1 ± 


16.5 


10.4±0.25t 


101 ± 27.3 


90.4 ± 22.4 


NA 



NOTE. Data ore expressed as mean values ± SD, 

Abbreviations: C^, peak plasma concentration; T^, time to peak concentration; T,/2, terminal disposition half-life; CL/F, apparent clearance; Vj apparent 
volume of distribution at steady-state; AUCjis/dw ra»'o of AUCo-12 values measured on days 15 and 1, respectively. 
♦Dose-independent, P - .103 (Kruskal-Wallis test), but significantly different from 1, P = .0016 (paired Student's Mest). 
tSignificantly different, P < .006 (Kruskal-Wallis test followed by Dunn's multiple comparison). 
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Table 5. Clinical Studies (single ogen^ of Famesyltransferase Inhibitors; Schedule, DLT, Recommended Dose, Side Effects / 



Drug (ref) 


Schedule 


DLT 


Reoommended Dose 

(mg) 


Side Effects at Recommended Dose 


SCH 66336^® 
SCH 66336^'^ 
SCH 663362** 


PO/bidd l-7q3weeks 
PO/bidd 1-I4q4weelc$ 
PO/od continuous 


Diarrhea, fatigue 

Gastrointestinal 

Diarrhea 


350 bid 
200 bid 
300 od 


ANC, pits, N/V, diarrhea, loHgue 
N/V, diarrhea, fatigue 
Diarrhea, N/V, renal, fatigue 


L-778,1232^ 
L-778, 12322 
L-778,123^' 


IV d 1 -7 q 3 weeks 
IVd M4q3weeks 
IV d 1 -2o q 5 weeks 


Q-Tc, neutropenia 
Neutropenia, Q-Tc 

2 


560 (m2) od 
560 {m2) od 

9 
? 


ANC, pits, N/V, somnolence, fatigue 

? 
9 

r 


Rll 577723 
Rl 157772^ 
Rl 1577725 


PO/bid continuous 
PO/bidd 1-21 q 4 weeks 
PO/bidd 1-5 q 2 weeks 


Skin, neutropenia, thrombocytopenia, 

neuromotor/sensory 
Neutropenia, thrombocytopenia, 

conKjsion, fatigue, bilirubin 
Neuropathy, fatigue 


300 bid 
240 (m2) bid 
? 


Skin, ANC, pits, fatigue, N/V, neuro, 

dizziness 
ANC, pits, fatigue, confusion 

? 


BMS-21 46622* 


IV course 1 

PO course 2 d 1 q 3 weeks 


Hepatotoxicity 
Gastrointestinal 


? 


Fatigue, somnolence, gastrointestinal 



Abbreviations: PO, orally; bid, twice daily; od, once daily; IV, intravenously; d, day; q, every; Q-Tc, asymptomatic Q-Tc prolongation at ECO; ANC, absolute 
neutrophil count; pits, platelets; N/V, nausea and vomiting. 



sisted of mild dose-dependent, noncumulative, and revers- 
ible diarrhea, vomiting, anorexia, and nausea. When diar- 
rhea occurred at the recommended dose for phase II studies, 
treatment with loperamide always resulted in prompt and 
complete relief Patients were advised to use loperamide on 
an on-demand basis, which always proved to be sufficient. 
At the recommended dose for phase II studies, vomiting was 
also usually mild and short-lasting and required no specific 
treatment. Anorexia and nausea occurred at virtually all 
dose levels and usually were mild. Gastrointestinal side 
effects were recorded in all studies of SCH 66336 and 
comprised DLT in all treatment schedules analyzed. This 
may suggest that gastrointestinal toxicity is not cumulative. 
Presumably partly related to these various gastrointestinal 
side effects, mild weight loss was noted in almost all 
patients. However, patients without gastrointestinal toxicity 
also experienced some weight loss that occurred mainly 
within the first 2 weeks of treatment. Remarkably, no 
additional weight loss was seen with ongoing treatment. 

Nongastrointestinal side effects were diverse, infrequent, 
and usually mild. At the lower dose levels, noncumulative 
and reversible grade 1 creatinine increases were seen, but 
coinciding urine analysis never revealed any abnormality; 
therefore, we cannot rule out mild dehydration caused by 
various gastrointestinal side effects as the principal cause of 
these creatinine increases. In the patient at the nontolerable 
dose level 400 mg bid in whom grade 3 creatinine was 
recorded, urine analysis revealed no abnormalities and 
interruption of SCH 66336 dosing and intravenous rehydra- 
tion resulted in a rapid and complete normalization of 
creatinine levels. In the present study, two episodes of 



reversible atrial rhythm abnormalities (atrial fibrillation in a 
patient with previous cardiac history and asymptomatic 
sinus bradycardia) occurred, but serial ECGs did not show 
consistent changes in all other patients. This is in sharp 
contrast with the data from studies with L-778,1 23, in which 
prolongation of the Q-T time constituted DLT.^**^^ In the 
current study, one episode of grade 3 rapidly reversible 
neurocortical toxicity consisting of disorientation and con- 
fusion was recorded, but no other episodes of either neuro- 
cortical toxicity or peripheral neuropathy were recorded in 
any of the other studies with SCH 66336. Reversible 
peripheral neurosensory and motor as well as central neu- 
rocortical toxicity have been described with oral 
Rl 15777.^^"^^ No neuropathy was recorded with 
BMS-2 14662." 

When considering which treatment schedule of SCH 
66336 should preferably be used in future clinical trials, one 
should note that preclinical data demonstrate that SCH 
66336 is a reversible competitive inhibitor of famesyl 
transferase, and the biochemical effects are rapidly reversed 
on withdrawal of the compound. Because the compound 
thus is a competitive inhibitor, the schedule most likely to 
result in continuous inhibition of famesyl transferase would 
be the continuous schedule. This schedule achieves the 
highest total dose and the longest exposure time. 

When summarizing the results of the recorded toxicity 
profiles of the famesyl transferase inhibitors that are cur- 
rently being tested in clinical studies (SCH 66336, Rl 15777 
and L-778,123, and BMS-214662), one can conclude that 
myelosuppression is a common feature, whereas nonhema- 
tologic toxicities differ in essential ways. Table 5 lists the 
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results of the clinical studies with famesyltransferase inhib- 
itors presented to date. 

This present study clearly demonstrates a dose depen- 
dency in SCH 66336 plasma pharmacokinetics in cancer 
patients, which contrasts with previous findings from pre- 
clinical dose-response studies. In the rat, peak plasma levels 
reached values of 3, 10, and 30 fjmoUL at oral doses of 10, 
30, and 100 mg/kg, respectively.^^ In cancer patients, both 
the apparent clearance and the apparent j/F demon- 
strated a more than four- to 10-fold decrease at a dose of 
400 mg, compared with 25 mg. The most likely explanation 
is an increase in F with multiple dose administration 
resulting in an apparent decrease in Vd and an apparent 
decrease in total-body clearance/F. The opposing effects of 
these two processes on drug elimination leaves the apparent 
terminal disposition half-life almost dose-independent, ex- 
cept at the two highest dose levels. In addition, at repeated 
dosing, ie, when comparing the mean drug exposure and 
peak plasma concentrations of the various dose levels tested 
at day 15 with those of day 1, substantial increases were 
found that were greater than predicted based on accumula- 
tion processes alone. Clearly, this may have important 
clinical ramifications; if clinical outcomes are related to 
drug exposure, then a simple percentage increase in dose 
will have a much greater impact on total drug exposure than 
would be expected with a behavior based on linear pharma- 
cokinetics. Trough plasma concentrations drawn around day 
14 to 16 do not show trends suggesting that steady-state was 
reached. Most importantly, at the recommended dose for 
further clinical studies applying continuous dosing regimens 
with SCH 66336, trough plasma concentrations were shown 
to exceed 1.5 fxmol/L, which is above concentrations 
required in vitro to induce significant growth inhibition in 



colony assays against various primary human tumor 
specimens.^^ 

The general principles of dose dependency in pharmaco- 
kinetics have recently been reviewed.^^ The dose-dependent 
pharmacokinetic behavior of SCH 66336 in cancer patients 
most likely involves multiple nonlinear (absorption) mech- 
anisms, including saturation of metabolic processes respon- 
sible for presystemic biotransfomfiation (eg, the cytochrome 
P450 system) or saturation of outward-directed drug-carrier 
systems that mediate transmembrane drug flux, such as 
MDRI P-glycoprotein. Saturation of presystemic metabo- 
lism or degradation in the gut lumen, the intestinal mucosae, 
or the liver after oral administration of drugs in humans is 
relatively common and has been well described for the 
calcium antagonist verapamiP^ and also for fluorouracil.^* 
However, the phenomenon of a dose-dependent decrease in 
extravascular binding (Vjss/F) as seen here with SCH 
66336 is highly unusual, although it has been reported to 
occur with 3-hour infusions of paclitaxel, presumably as a 
result of extensive binding to microtubules or micellar 
encapsulation in its formulation vehicle.*^^ Further analysis 
of the absorption and disposition of SCH 66336 in individ- 
ual cancer patients, with respect to the current findings, 
should be of great importance for our ability to better 
understand the role of the various biologic factors that may 
influence the compound's pharmacokinetic behavior and 
pharmacologic actions, and effects of other drug adminis- 
tered concomitantly. 

In conclusion, this phase I and pharmacologic study with 
continuous oral bid SCH 66336 has shown that this famesyl 
transferase inhibitor can be safely administered using a con- 
tinuous oral bid dosing schedule. The recommended dose for 
phase II studies using this treatment schedule is 200 mg bid. 
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Phase I and Pharmacokinetic Study of Farnesyl Protein 
Transferase Inhibitor R115777 in Advanced Cancer 

By J. Zujewski, I.D. Horak, CJ. Bol, R. Woestenborghs, C. Bowden, D.W. End, V.K. Piotrovslcy, J. Chiao, RT. Belly, 
A. Todd, W.C. Kopp, D.R. Kohler, C. Chow, M. Noone, FT. Hakim, G. Lorkin, R.E. Gress, R.B. Nussenblatt, 

A.B. Kremer, and K.H. Cowan 



Purpose : To determine the maximum-tolerated 
dose, toxicities, and pharmacokinetic profile of the far- 
nesyl protein transferase inhibitor R1 15777 when ad- 
ministered orally bid for 5 days every 2 weeks. 

Patten fs and Methods : Twenty-seven patients with a 
median age of 58 years received 85 cycles of R1 1 5777 
using an intrapatient and interpatient dose escalation 
schema. Drug was administered orally at escalating 
doses as a solution (25 to 850 mg bid) or as pellet 
capsules (500 to 1300 mg bid). Pharmacokinetics were 
assessed after the first dose and the last dose adminis- 
tered during cycle 1 • 

Results: Dose-limiting toxicity of grade 3 neuropa- 
thy was observed in one patient and grade 2 fatigue 
(decrease in two performance status levels) was seen in 
four of six patients treated with 1 ,300 mg bid. The most 
frequent clinical grade 2 or 3 adverse events in any 
cycle included nausea, vomiting, headache, fatigue, 
anemia, and hypotension. Myelosuppression was mild 
and infrequent. Peak plasma concentrations of 
R1 1 5777 were achieved within 0.5 to 4 hours after oral 



drug administration. The elimination of R1 15777 from 
plasma was biphasic, with sequential half-lives of 
about 5 hours and 16 hours. There was little drug 
accumulation after bid dosing, and steady-state con- 
centrations were achieved within 2 to 3 days. The 
pharmacokinetics were dose proportional in the 25 to 
325 mg/dose range for the oral solution. Urinary ex- 
cretion of unchanged R1 1 5777 was less than 0.1% of the 
oral dose. One patient with metastatic colon cancer 
treated at the 500-mg bid dose had a 46% decrease in 
carcinoembryonic antigen levels, improvement in cough, 
and radiographicolly stable disease for 5 months. 

Conclusion : R1 15777 is bioavailable after oral ad- 
ministration and has an acceptable toxicity profile. Based 
upon pharmacokinetic data, the recommended dose for 
phase II trials is 500 mg orally bid (total daily dose, 1 ,000 
mg) for 5 consecutive days followed by 9 days of rest. 
Studies of continuous dosing and studies of R1 15777 in 
combination with chemotherapy are ongoing. 

J Clin Oncol 18:927-94U o 2000 by American 
Society of Clinical Oncology. 



THERAPIES DIRECTED against specific molecular 
targets offer the promise of increased antitumor effi- 
cacy with decreased toxicity. The ras proto-oncogene en- 
codes a 21-kd guanosine triphosphate-binding protein Ras, 
which is a critical component in cellular signal transduction 
associated with cell proliferation, differentiation, and other 
pleiotropic responses.* Activating, oncogenic, point mutations 
in codons 12, 13, and 61 of the ras gene have been observed 
in approximately 30% of adult human solid tumors, including 
pancreas, lung, colon, bladder, and other tumors.*'** The 
wild-type Ras protein may also contribute to the growth of 
tumors that are driven by the aberrant activation of growth 
factor receptors and other tyrosine-specific protein kinases.*^'** 
To function in signal transduction and malignant trans- 
formation, Ras must localize to the plasma membrane. 
Lacking membrane-binding domains, newly synthesized 
Ras requires sequential posttranslational enzymatic process- 
ing before membrane attachment. The initial and rate- 
limiting step involves the covalent attachment of a 15- 
carbon farnesyl moiety via a thioether bond to a single 
cysteine positioned exactly four amino acids from the 
carboxyl terminus.^* This reaction is catalyzed by the 
enzyme farnesyl protein transferase. The C-terminal recog- 
nition sequence has become known as a CAAX motif to 
indicate the requirement for a cysteine followed by two 



neutral amino acids (A) with a C-terminal serine or methi- 
onine for recognition by farnesyl protein transferase. Far- 
nesylation is followed by cleavage of the three terminal 
amino acids by a CAAX protease.^^ The resulting C- 
terminal famesylcysteine moiety is further carboxy-0- 
methylated to create the proper hydrophobicity or molecular 
recognition features to allow plasma membrane localization 
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within cells.^^ The delineation and purification of enzymes 
involved in Ras processing created the opportunity to 
downregulate ras function in tumor cells by preventing 
proper localization of the protein. The demonstration that 
activated, oncogenic Ras lacking the c-terminal cysteine 
lost cell-transforming activity and the description of simple 
CAAX tetrapeptide inhibitors of the enzyme famesyl pro- 
tein transferase focused drug discovery efforts on this 
posttranslational step.^**^^ 

Initial reports on the cellular effects of famesyl protein 
transferase inhibitors that were CAAX peptidomimetics 
suggested that this class of agent selectively reversed the 
ras-transformed phenotype in cell lines bearing ras muta- 
tions.^"*"^^ These findings were very promising because 
polymerase chain reaction (PCR)-based DNA diagnostics 
were available that would allow the detection of ras 
mutations and possibly the preselection of patients who 
would be the best candidates for this raj-targeted therapy.^^ 
However, subsequent preclinical studies have shown the 
pharmacology of famesyl protein transferase inhibitors to 
be more complex. First, famesyl protein transferase inhib- 
itors, including Rl 15777, have shown antiproliferative ef- 
fects in vitro and antitumor effects in vivo in cell lines with 
wild-type ras}^'^^ The effects of this class of agent are 
clearly not dependent upon the presence of mutant Ras, 
although the compounds are highly effective in cell lines 
transformed by mutant ras also.^^'^ Also, it was reported 
that the K-ras isoform of Ras had a much higher affinity for 
famesyl protein transferase than the W-ras or N-raj iso- 
form.^^ Inhibitors that were competitive for the Ras sub- 
strate-binding site of the enzyme were much less effective 
in blocking K-ray famesylation in cell-fi-ee systems. An addi- 
tional complicating issue was introduced by the observation 
that the CVIM CAAX motif of the K-ras peptide allowed the 
molecule to be either famesylated or geranylgeranylated by 
geranylgeranyl protein transferase type 1 . Geranylgeranyl pro- 
tein transferase type 1 is quite similar to famesyl protein 
transferase but attaches a 20-carbon geranylgeranyl isoprenoid 
moiety to substrate proteins bearing a CAAX motif with a 
temDinal leucine.''^ In intact cell lines bearing K-ray mutations, 
alternative processing of K-roj by the geranylgeranyl protein 
transferase type I pathway was shown to produce resistance to 
some famesyl protein transferase inhibitors.^^-^* The results 
suggested that famesyl protein transferase inhibitors might be 
of no practical use in the human tumor setting because K-ros 
mutations account for the vast majority of ras mutations in 
human tumors. However, it has been clearly established that 
tumors with mutant K-ray respond to this class of agent both in 
vitro and in vivo.^^*"*** 

Ironically, as the present clinical studies of Rl 15777 and 
other compounds are being reported, the biochemical basis 



for the antitumor responses obtained in preclinical models is 
under intense reevaluation. An emerging hypothesis involv- 
ing Rho B accounts for some of the discrepancies discussed 
previously. Like K-roj, Rho B can be either famesylated or 
geranylgeranylated with isolated enzymes or in intact 
cells."* ^''^^ Famesylated Rho B seems to cooperate in expres- 
sion of the transformed phenotype downstream of Ras 
through modulation of cytoskeletal proteins."*^ Expression 
of constmcts of Rho B that can only be geranylgeranylated 
seems to produce antiproliferative and antitransforming effects 
that are similar to the effects of famesyl protein transferase 
inhibitors.'*^ Thus, famesyl protein transferase inhibitors may 
produce antitumor effects by altering the balance of famesy- 
lated and geranylgeranylated Rho B in cells. 

Although the role of Ras in the antitumor effects of 
protein famesyl transferase inhibitors remains ambiguous in 
preclinical studies, it will be important to assess ras gene 
status in patients entering onto studies of this class of 
compound. Although the existing data preclude the ras gene 
mutations as an entry criterion for treatment with a famesyl 
protein transferase inhibitor, clinical studies may ultimately 
find a correlation between oncogene status and responses to 
these compounds. The genetic instability and complexity of 
human tumor cell lines used for laboratory studies may not 
be appropriate to the characterization of newer therapies 
with specific molecular targets. 

Regardless of the mechanism, it is clear that this class of 
compound produces antitumor effects in standard preclini- 
cal tumor models, including human tumor xenografts as 
well as transgenic oncomouse models.^^*"*^ The crux of 
modem cancer research is the translation of preclinical 
antitumor effects into effective clinical therapy. The first 
step of this translation are the phase I safety and pharma- 
cokinetic evaluations that allow selection of dose and dose 
schedules for fiirther evaluation. Presented herein are the 
phase I data for the first famesyl protein transferase inhib- 
itor to be evaluated in clinical trials, Rl 15777 (Fig I). 
Rl 15777 is a substituted quinolone that is a competitive 
inhibitor of the CAAX peptide-binding site of famesyl 
protein transferase.'*^ The molecule is an extremely potent 
inhibitor of famesylation with isolated enzyme inhibition of 
lamin Bl (50% inhibitory concentration [IC50], 0.8 nmol/L) 
and Yi-ras peptide (IC50, 7.9 nmol/L)."*** Rl 15777 is also a 
potent inhibitor of proliferation of intact cell lines. The IC50 
required to inhibit W-ras transformed fibroblasts is L7 
nmol/L, and the IC50 required to inhibit pancreatic and 
colon cancer cell lines bearing K-raj mutations ranges from 
16 to 22 nmol/L."*** Preclinical studies have demonstrated 
that Rl 15777 has antitumor effects in murine xenograft 
models using H-ra^-transformed fibroblasts"** and pancre- 
atic and colon cell lines bearing K-ras mutations.^** No 
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Fig 1 . Chemical stnicture of Rl 1 5777 or (B)-6-laniino(4-chlorophenyl)(l - 
melhylOH-imidaiol-5yi)methyl]-4-(3-chlorophenyi)0-melhyl-2(lH)-qui 
none. 

gross toxicity to the tumor-bearing host has been observed 
at effective doses of this compound. After oral administra- 
tion of Rl 15777 to male Wistar rats and male Beagle dogs, 
plasma concentrations of Rl 15777 declined with a terminal 
half-life of less than 1.7 hours and 2.1 hours, respectively. 
The absolute oral bioavailability was 9% and 66% in the rat 
and dog, respectively (Janssen Research Foundation, 
Beerse, Belgium, unpublished observations). 

PATIENTS AND METHODS 

Patient Eligibility 

Patients eligible for this trial had to meet the following criteria: 
pathologic confirmation of advanced cancer; no available therapy 
proven to improve survival; last dose of radiation therapy or chemo- 
therapy at least 4 weeks before study entry (6 weeks for nitrosoureas or 
mitomycin); at least 18 years of age; Zubrod performance status of 0 or 
1 ; adequate hepatic function (normal bilirubin, transaminase levels less 
than two times the upper limit of normal); normal creatinine levels (0.9 
to 1.4 mg/dL for males and 0.7 to 1 .3 mg/dL for females); and adequate 
bone marrow function (absolute neutrophil count >I,500/^L and 
platelet count > 1 00,000/;i,L). 

Pregnant patients and lactating mothers were ineligible, as were 
patients with the following characteristics: extensive prior radiation 
therapy (> 25% of bone marrow reserve); previous bone marrow 
transplantation or high-dose chemotherapy with bone marrow or 
stem-cell rescue; untreated CNS metastases; concurrent radiation ther- 
apy, chemotherapy, hormonal therapy, or immunotherapy; coexisting 
medical or psychiatric conditions that were likely to interfere with 
study procedures; or known allergy to imidazole drugs. All patients 
were required to provide written informed consent according to 
National Cancer Institute institutional review board guidelines. 

Patient Evaluations 

Patient evaluations included the following: complete history and 
physical examination; complete blood count with leukocyte differen- 
tial; serum sodium, potassium, chloride, CO2, blood urea nitrogen, 
creatinine, calcium, magnesium, total bilirubin, liver transaminases, 



Table 1 . Dose Escalation Schema 




Dose 


Dose Cycle 1 (mg 


Dose Cycle 2 (mg 


Dose Cycle 3 (mg 


Formulation 


Level 


bid X 10 doses] 


bid X 10 doses) 


bid X 10 doses) 


Liquid 


1 


25 


50 


75 


Uquid 


2 


50 


75 


125 


Liquid 


3 


75 


125 


200 


Liquid 


4 


125 


200 


325 


Liquid 


5 


200 


325 


525 


Liquid 


6 


325 


525 


850 


Copsule 


7 


500 


800 


1,300 


Capsule 


8 


800 


800 


1,300 


Capsule 


9 


1,300 


1,300 


1,300 



NOTE. Drug was administered orally bid for 1 0 doses over 5 days ©very 1 4 
days. The dose level 1 starting dose was 25 mg orally bid (total daily dose, 50 
mg) for 5 days. 



alkaline phosphatase, lactate dehydrogenase, prothrombin time, partial 
thromboplastin time, fibrinogen, cholesterol, and triglyceride analyses; 
urinalysis; pregnancy test (as appropriate); chest radiograph; computed 
tomography of the chest, abdomen, or pelvis as appropriate; and 
radionuclide bone scan as appropriate. On-study evaluations included a 
complete blood count with differential leukocyte count blood chemistry 
analyses two to three times weekly and radiographic staging studies 
every 6 weeks (after three 2-week cycles of therapy). Ophthalmologic 
evaluations, including best visual acuity, ocular history and examina- 
tion, visual field screening, D-15 color testing, and contrast sensitivity 
via Pelli-Robson charts (screening tests for abnormalities in visual 
function^^), were performed at baseline and during drug administration. 
Patients with changes in vision that could not be explained by 
refraction or changes in the anterior segment were to be evaluated with 
an electroretinogram. This extensive testing was based - upon the 
involvement of several famesylated proteins on vision*^ and the 
development of cataracts in one animal species (rats) used in toxicol- 
ogy studies (Janssen, data on file). 

Treatment Plan 

A modified phase I dose escalation schema was used as shown in 
Table 1. The starting dose was 50 mg daily, less than 1/1 0th of the 
lethal dose in dogs. This conservative starting dose was chosen because 
of the wide interspecies variability in the bioavailability of Rl 15777 
(data on file) and the importance of the ras signal transduction pathway 
for normal cellular function. A conservative schedule of Rl 15777 
administration was chosen; bid oral administration for 5 days followed 
by a minimum 7-day period of rest per treatment cycle. This schedule 
was used because (1) toxicology data in dogs demonstrated hemato- 
logic toxicity within 4 days of initiation of dosing with full recovery in 
14 days, (2) famesyl transferase inhibitors had not been tested in 
humans and acute effects of drug administration were not known, and 
(3) preclinical pharmacokinetic modeling predicted a half-life of 8 to 
12 hours, which would allow for approximately 3 days of steady-state 
concentrations. 

During cycle 1 , in order to accommodate 24-hour pharmacokinetic 
sampling after first-dose administration, a single dose was administered 
on the first day, followed by bid administration for the next 4 days 
(days 2 through 5). The final (10th) dose of the cycle was administered 
on the sixth day. 

The schema permitted intrapatient dose escalation, thereby reducing 
the number of patients who would be treated at potentially subthera- 
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peutic doses.'*''^** Intrapatient dose escalation to the next dose level was 
allowed during the second and subsequent treatment cycles provided 
that nonhematologic toxicity was less than grade 1 in severity, 
hematologic toxicity was less than grade 2 in severity in the preceding 
cycle, and no treatment delays were necessary. 

Three patients were enrolled at each dose level and observed for at 
least 14 days before additional patients were entered at the next dose 
level. If no dose-limiting toxicity was observed in three of three 
patients at a single dose level, additional patients were entered at the 
next higher dose level. If dose-limiting toxicity was observed in one 
patient, additional patients up to a total of six were entered at the same 
dose level. If two patients developed dose-limiting toxicity at a single 
dose level, the maximum-tolerated dose was determined to have been 
exceeded and accrual ceased at that dose level. The first cycle at a new 
dose level was considered for dose-limiting toxicity (whether entering 
trial at that dose level or escalating to that dose level). Subsequently, up 
to a total of six patients could be entered at one dose level below. The 
maximum-tolerated dose was defined as the highest dose level at which 
no more than one of six patients experienced a dose-limiting toxicity 
that could reasonably be attributed to the study drug. 

Toxicity 

Toxicities were scored according to National Cancer Institute of 
Canada Clinical Trial Group expanded toxicity criteria. Nonhemato- 
logic dose-limiting toxicity was defined as any grade 3 or greater 
toxicity observed during the first cycle at any dose level (whether 
entered at that dose level or escalated to that dose level), with the 
exception of alopecia, nausea, and vomiting. Hematologic dose- 
limiting toxicity was defined as the occurrence of an absolute neutro- 
phil count less than 500/^tL for greater than 3 days or platelet count less 
than 20,000//iL on a single occasion observed during the first cycle. A 
treatment delay of more than 3 weeks secondary to toxicity or failure 
to recover hematologic counts was also considered dose limiting. 

Antitumor Response 

Patients were evaluated for antitumor response after three cycles of 
therapy and every three cycles thereafter in selected patients who 
exhibited some evidence of clinical benefit. A complete response was 
defined as total disappearance of all clinical evidence of disease for at 
least two measurements separated by at least 4 weeks. A partial 
response was defined as at least a 50% reduction in the size of all 
measurable tumor areas as measured by the sum of the products of the 
greatest perpendicular, bidirectional measurements without the appear- 
ance of new lesions. These parameters must have been present for at 
least two measurement periods separated by at least 4 weeks. Progres- 
sive disease was defined as an increase of more than 25% in measurable 
disease or the development of new lesions. Stable disease was defined 
as a tumor status that failed to qualify for either an objective response 
or progressive disease. 

Drug Administration 

RI 15777 was administered orally as an aqueous, cherry-flavored 
liquid for dose levels 1 through 6 (25 to 850 mg bid). Drug substance 
was dissolved in a solvent of purified water, hydrochloric acid, benzoic 
acid, and cherry flavor. For dose levels 7, 8, and 9, (500 to 1,300 mg 
bid) a hard, gelatin capsule formulation containing 100 mg of RI 15777/ 
capsule became available and was used. Drug was supplied by the 
Janssen Research Foundation. Patients were required to fast 1 hour 
before and I hour after administration of RI 15777, 



Pharmacokinetics 

During cycle I, a single dose was administered orally on the morning 
of the first day to characterize the pharmacokinetics of RI 15777 for 24 
hours after a single oral dose. In addition, RI 15777 elimination was 
evaluated for up to 72 hours after the 1 0th dose given on day 6. Venous 
blood samples were drawn at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6, 8, 12, 14, 
16, 24, 48, and 72 hours after RI 15777 administration. Blood samples 
were also collected during the first cycle on days 3 and 5 just before 
drug administration to evaluate whether RI 15777 concentrations had 
achieved steady state in the blood. For each sample, 7 mL of 
heparinized blood was collected and immediately placed on ice. 
Specimens were centrifiiged (5 min, 2,500 X g) as soon as possible to 
collect the plasma and frozen at -70®C until analyzed. Urine was 
collected on the last day of drug administration during cycle I (day 6) 
to characterize RI 15777 urinary excretion. A pre-dose urine sample 
was collected, and a 20-mL aliquot was retained as a pre-dose sample. 
Patients* complete urinary output during a 12-hour interval was 
collected. The urine was mixed, the volume and pH were measured, 
and the sample was frozen at -20°C until assayed. The plasma and 
urine samples were alkalinized (0.1 mol/L sodium hydroxide), ex- 
tracted with heptane-isoamyl alcohol (90: 1 0, v/v), and analyzed using 
a reverse-phase high-performance liquid chromatography column 10 
cm X 4.6 mm internal diameter) packed with 3-ptm-particle-sized CI 8 
BDS-Hypersil (Hypersil, Cheshire, United Kingdom). The mobile 
phase was 0.01 moI/L anmionium acetate-acetonitrile (52:48) at a flow 
rate of 0.8 miymin. The chromatographic peaks of RI 15777 (retention 
time approximately 4.3 min) and the internal standard (R12I550, 
retention time approximately 6.3 min) were quantified using ultraviolet 
detection at 240 nm. The mean overall coefficient of variation, as 
obtained from independently prepared quality control plasma samples, 
was 6.7% at 14.9 ng/mL, 7.1% at 124 ng/mL, and 7.1% at 2,064 
ng/mL. Urine concentrations of RI 15777 were determined before and 
after hydrolysis with beta-glucuronidase (from Escherichia colt). The 
validated quantification limit of RI 15777 in urine was 1.0 ng/mL 
before hydrolysis and 20 ng/mL after hydrolysis. The following 
pharmacokinetic parameters were calculated by standard procedures^*: 
maximum plasma concentration (C„^, time to maximum plasma 
concentration (t^„^, minimum concentration in plasma (C„i„; trough 
concentration), area under the plasma concentration versus time curve 
over a 12-hour dosing interval calculated by trapezoidal summation 
(AUCi2h)» elimination half-life (tiaX and percentage of dose excreted 
in the urine. The accumulation ratio was calculated as the AUCi2h ratio of 
day 6 and day 1. The pharmacokinetics of 27 patients were determined. 
However, the data of one patient at 1 ,300 mg were incomplete. 

To determine the pharmacokinetic parameters that could predict the 
occurrence of certain adverse events related to the intake of RI 15777, 
the following evaluation was performed. The pharmacokinetic param- 
eters C^, AUC,2sd (day I), and AUCjjSS (day 6) were tested as 
predictors for the occurrence of nausea, vomiting, diarrhea, and fatigue, 
A logistic regression analysis was performed by fitting a generalized 
linear model with a binary link to the data. The logistic regression 
model allows the binary data to be converted into a continuous 
relationship between measures of drug exposure and the probability of 
developing a certain adverse event. Adverse events were coded as 
binary response variables (yes or no) without taking into account the 
severity. The model was parameterized via (i) the predictor value 
corresponding to 50% probability of having a certain adverse event 
(P50) and (ii) the sigmoidicity parameter, which reflects the steepness of 
the probability versus predictor curve (n). The best estimates of 
parameters and their SEs were obtained via a bootstrap analysis. The 
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number of bootstrap replications was 1,000. The S-PLUS package 
(Probability, Statistics, & Information, Seattle, WA) was used through- 
out the analysis. 

Flow Cytometric Analysis 

Lymphocyte populations were analyzed by three-color flow cytom- 
etry at five time points in the first three cycles of treatment. Peripheral 
blood, collected in sodium heparin, was stained at ambient temperature 
with a panel of antibodies, lysed using Optilyse C lysing solution 
(Coulter Corporation, Opalocka, FL), washed with Dulbecco's phos- 
phate-buffered saline (BioWhittaker, Walkersville, MD), and analyzed 
on a Coulter XL flow cytometer (Coulter Corporation, Hialeah, FL). 
Total leukocyte populations and lymphocyte subpopulations were 
analyzed using the following antibody combinations: IgGlAgG2a/ 
CD3, CD45/CD14/CD3, CD4/CD8/CD3, CD20/CD19/CD3, and CD3/ 
CD16'^CD56/CD8. Commercial sources for antibodies included Bec- 
ton Dickinson Immunocytometry Systems (Mountainview, CA), Caltag 
(Burlingame, CA), Pharmingen (San Francisco, CA), Sigma (St Louis, 
MO), and Immunotech (Marseille, France). B cells were defined as 
CD3-CDI9-'CD20-', natural killer cells as CD3~CD16-'/CD56-', 
CDS cells as CDS'^CDS"^, and CD4 cells as CD3"^CD4''. Proportions 
of CD45RA and CD45RO (naive v activated/memory cells) within the 
CD4 population were determined by staining cells with three antibod- 
ies, acquiring the lymphocyte population, and gating during analysis on 
CD4'^ cells only. Determination of total cells/^L expressing a partic- 
ular phenotype was calculated by multiplying the total WBC count, as 
determined using a Coulter counter, by the fi'equency of that population 
in the lymphocyte gate and the fraction of total WBCs included in the 
lymphocyte gate. Lymphocyte populations were compared at the five 
time points using the Wilcoxon rank test for nonparametric assessments 
of paired data (Statview 5.0; SAS Institute Inc, Cary, NC). 

Analysis of Ras and Prenyl Protein Processing 

Lymphocyte samples containing approximately 1X10^ cells were 
obtained before administration of Rl 15777 and at the end of the 5-day 
treatment period. Samples were also obtained from healthy untreated 
volunteers to control for cell preparation and storage. Lymphocytes 
were stored frozen as pellets before prenyl protein processing was 
analyzed essentially as described.^^ Briefly, lymphocyte pellets were 
resxispended in 0.5 mL of sonication buffer consisting of 20 mmol/L 
HEPES, 1 mmol/L EDTA, I mmol/L MgClj, 1 mmol/L dithiothreitol, 
1 mmol/L phenylmethylsulfonyl fluoride, and 2 /imoI/L pepstatin. The 
cell pellets were lysed by sonication for 20 seconds. The lysatcs were 
centrifuged at 100,000 X g for 60 min. The resulting supematants were 
transferred to microftige tubes, and the pellets were resuspended in 0.5 
mL of sonication buffer. Protein determinations were performed on 
5-plL portions of supematants and pellets, and samples were diluted to 
equal protein concentrations in Laemmli sample buffer. Samples (10 to 
15 ^L) were separated by electrophoresis on 10% to 20% gradient 
sodium dodecyl sulfate polyacrylamide minigels and transferred to 
polyvinylidene fluoride membranes. The membranes were incubated 
overnight at 4°C with primary antibodies. Primary antibodies from 
Calbiochem (La Jolla, CA) (lamin Bl and pan-Ras Ab-3) and Santa 
Cruz Biotechnology (Santa Cruz, CA) (Rho B) were used for the 
Western blot analysis of these prenylated proteins. The immunostained 
antigens were visualized using horseradish peroxidase- conjugated 
secondary antibodies and the Amersham ECL-enhanced chemilumi- 
nescent detection system (Amersham, Buckinghamshire, United King- 
dom), 



ras Mutation Analysis 

Paraffin sections of primary tumors or metastatic sites were ana- 
lyzed. The first section (4 ^m) from each block was stained with 
hematoxylin and eosin and examined by a pathologist to confirm the 
presence of cancer and to determine the extent of tumor on the slide. A 
series of lO-^im sections were cut for mutation analysis. To minimize 
possible contamination between samples, the microtome was cleaned to 
remove excess paraffin and a new blade was used between samples. 
DNA was extracted from one or more of the remaining sections, and 
samples were analyzed for the presence of ras by a nested PCR 
protocol, followed by restriction fragment length polymorphism 
(RFLP) analysis. Restriction enzymes were selected such that wild-type 
ras sequences were cleaved, leaving an intact gel band of the expected 
size when a mutation was present. Cell-line DNA from both wild-type 
and, where available, mutant ras were used as controls. This nested 
PCR/RFLP method can detect mutations at H-ras intron D and all K-, 
H-, and "S-ras mutations at codons 12, 13, and 6! (except for U-ras 
codon 13, which is an extremely rare mutation). Studies with cell-line 
DNA indicated that this protocol detects one mutant allele in a 
background of 10 wild-type alleles. 

RESULTS 

Patient Characteristics 

Twenty-seven patients were treated in this phase I study. 
Patient characteristics are listed in Table 2. 

Adverse Events 

Table 3 includes all adverse events observed during cycle 
1 of therapy considered possibly, probably, or very likely 
related to Rl 15777. Dose-limiting toxicity was observed at 
the 1,300-mg dose level in one patient who had a prior 
history of mild peripheral neuropathy attributed to pacli- 
taxel chemotherapy. During cycle 1, she developed severe 
burning in her lower extremities, oral cavity, and vaginal 
area. The pain required opioid analgesics and resolved 
within 24 hours after withholding of the drug. There were 
no signs of stomatitis or vaginitis on physical examination. 
The same patient experienced similar but less severe symp- 
toms during her next treatment cycle at a reduced dose (800 
mg bid); however, severe (grade 3) symptoms recurred 
during her third cycle of therapy at 800 mg bid. 

Although not defined as dose-limiting, clinically signifi- 
cant fatigue was observed in patients treated at the higher 
dose levels (800 mg and 1,300 mg bid). With National 
Cancer Institute of Canada criteria, grade 2 fatigue (two- 
level decrease in performance status) was observed in one 
of three patients who received 1,300 mg bid during the first 
cycle of therapy and in four of six patients treated at 1,300 
mg bid during any cycle (Table 4). 

One patient developed a grade 2 increase in his serum 
creatinine level during his second treatment cycle. The 
patient's baseline creatinine level was 1.1 mg/dL. He 
received the first cycle of Rl 15777 at 800 mg bid without a 
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Table 2. Patient Characteristics (n = 27) 

No. of Patients 

Age, years 

Median 58 
Range 27-78 
Sex 

Male 13 
Female 1^ 
Diagnosis 

Colorectal cancer ^ ' 

Breast cancer 7 
Other' 9 
Prior therapies 

No prior therapy ^ 

Prior chemotherapy 

1 -2 prior regimens ^ 2 

a3 prior regimens ^ ^ 

Prior hormone/ immune 

therapy 

1 prior regimen 8 

2 or more ^ 
Prior radiation therapy ' 7 

Zubrod performance status 

0 5 

1 22 
nos mutation status 

K-ro$ codon 12 (colon) 2 
K-roj codon 61 (liver) 1 
Negative 20 

Not available ^ 

'Other diagnoses were rhabdomyosarcoma, non-Hodgkin's lymphoma, 
adenocarcinoma of unknown primary, sarcoma (not otherwise specified), 
esophageal carcinoma, gallbladder carcinoma, hepatoma, melanoma, and 
non-smatl-cell lung cancer. 

significant change in his serum creatinine level. During 
cycle 2, in which R115777 was administered at 1,300 mg 
bid, his creatinine level increased to 3.3 mg/dL on day 6. 
His creatinine level had normalized by day 30. He received 
cycle 3 at the 800-mg bid dose without event. Evaluation of 
urine sediment during cycle 2 was remarkable for renal 
epithelial cells consistent with an acute tubular injury. 
Proteinuria was not significant. Other causes of renal 
dysfunction (eg, contrast dye administration, nonsteroidal 
analgesics, hypotension) and predisposing factors for renal 
dysfunction were excluded. Eight additional patients were 
noted to have increased creatinine levels in this study. In 
five of these eight patients, grade 1 creatinine elevation was 
noted and considered at least possibly related to R115777 
(three patients at the 1,300-mg bid dose level, one patient at 
the 800-mg bid dose level, and one patient at the 200-mg bid 
dose level). In one of these five patients, examination of the 
urinary sediment was also consistent with acute tubular 
injury during the first cycle at 1,300 mg bid and during a 
subsequent cycle at 800 mg bid. In three patients, other 



causes were thought more likely to account for the creati- 
nine elevation (obstruction due to malignant disease in two 
patients and an inferior vena cava thrombosis in one patient). 

Another prominent adverse event was nausea and vom- 
iting. At dose levels 1 through 6, an oral liquid formulation 
was used. This liquid had an unpleasant taste, and nausea 
and vomiting were frequently reported. Although the cap- 
sule formulation was tolerated better than the liquid formu- 
lation, at the highest dose levels, the capsule formulation 
was also associated with grade 1 and 2 nausea and vomiting. 
Twenty of 27 patients required antiemetic therapy. The 
choice of antiemetic was made at the discretion of the 
prescribing physician. Drugs used included ondansetron, 
granisitron, prochlorperazine, metoclopromide, lorezepam, 
and promethazine. 

One patient with a baseline history of migraines treated 
with 125 mg bid experienced a grade 3 headache during her 
first cycle of therapy. This headache was similar in character 
but more severe than her prestudy headaches. She was able 
to continue treatment without subsequent events. 

Minimal hematopoietic toxicity was observed in this trial. 
One patient treated with 50 mg bid experienced grade 3 
neutropenia. This patient had multiple prior therapies for 
breast cancer, including radiation. A review of her complete 
blood counts obtained before study drug administration 
demonstrated intermittent grade 3 neutropenia. This patient 
continued to receive study drug at the same dose level with 
resolution of her neutropenia, 

A second patient with a baseline platelet count of 
103,000//xL developed grade 2 thrombocytopenia (72,000/ 
fiL) during cycle 1 of R115777 at the 1,300-mg bid dose 
level. This patient also experienced grade 3 peripheral 
neuropathy requiring a dose reduction. She was able to 
continue therapy without delay at the 800-mg bid dose level 
with resolution of her thrombocytopenia and no subsequent 
recurrences of thrombocytopenia. 

Eight patients required RBC transfusions during this trial. 
All patients requiring blood transfusions had received prior 
therapy for their advanced cancer and had multiple blood 
samples drawn for pharmacokinetic studies and toxicity 
monitoring. 

Several famesylated proteins are important in mainte- 
nance of retinal cytoarchitecture and photoreceptor struc- 
ture'*^; therefore, all patients were carefully evaluated for 
ophthalmologic abnormalities. No abnormalities were noted 
in D-15 color vision and contrast sensitivity testing. Two 
patients had small unilateral visual field defects while on 
therapy. In one patient, the visual field defect resolved 
during continued Rl 15777 therapy. In the second patient, a 
possible defect in the same area was noted at baseline that 
became more apparent after initiation of therapy. Both 
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Table 3. Cycle 1 Toxicities Related to Study Drug by Dose Level 


Dose 




25 




50 


75 125 


200 325 




500 




800 




1,300 




Grade 




Grade 


Grade Grade 


Grade Grode 




Grode 




Grade 




Grode 


1 


2 3 


1 


2 


3 12 3 12 3 


12 3 12 3 


1 


2 3 


1 


2 3 


I 


2 3 


NIniiuvi 1 




2 




1 2 


1 ) 


2 
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1 


3 








2 
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1 


r" 








1 




1 




2 




3 




2 
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Lernorgy 












1 












Afioroxia 












2 








1 




Headache 




1 




1 1 




1 








1 




nypoiension 










1 










2 




Arthralgia 








1 
















Toste change 2 










1 














Heartburn 








1 


1 










2 




Constipation 
























Hiccoughs 








1 


1 














Bloating 




















2 




Neurocortical 










1 


1 




1 




1 




Xerostomia 








1 
















Pharyngitis 










2 














Chills 1 












1 












Dizziness 












1 












Neuropathy 






















1 


Creatinine 




















2 




Tlirombocytopen ia 






















1 


Neutropenia 








1 
















Hemoglobin 










1 




1 










Hypomagnesemia 




















2 




Hypokalemia 






















1 



NOTE. This table includes the number of patients who experienced toxicity, at maximum grade per patient, at each dose level during their first cycle of therapy. 
Three patients received cycle 1 at each dose level. Toxicities were considered possibly, probably, or very likely related to study drug. 



patients were asymptomatic. Retinal examinations were 
remarkable for the development of abnormalities during 
drug administration in four patients, including cotton wool 
spots and small retinal hemorrhages (two patients), small 
hemorrhage (one patient), and Roth*s spots (one patient). 
These four patients also had a history of diabetes, hyper- 
tension, or anemia. All patients were asymptomatic, and the 
ophthalmologic findings were thought to be consistent with 
those observable in a chronically ill population. No new or 
worsening cataracts were noted in this trial. 

Several serious adverse events were observed during this 
trial that were not considered related to the study drug. One 
patient with history of pulmonary embolism developed an 
inferior vena cava clot at the site of an inferior vena cava 
filter. He was taken off study and treated with anticoagulant 
therapy. One patient with melanoma and a prior history of 
brain metastasis treated with radiation therapy experienced 
an unwitnessed seizure. Subsequent magnetic resonance 
imaging revealed new and enlarged brain metastases. One 
patient with a history of hypertension experienced an 
episode of confusion. Imaging studies were consistent with 



a new small cerebral hemorrhage thought secondary to 
hypertension. One patient developed a small pericardial 
effusion and atrial arrythmia thought to be related to 
progressive malignant disease. 

Pharmacokinetics 

Rl 15777 was rapidly absorbed, with peak plasma con- 
centrations reached within 0.5 to 3 hours after administra- 
tion of the oral solution and within 1.5 to 4 hours after 
administration of the pellet capsules. Pharmacokinetic pa- 
rameters are shown in Table 5. Representative concentra- 
tion-time profiles of (mean ± SD) Rl 15777 are shown in 
Fig 2 for a patient receiving 125 mg bid administered as an 
oral solution and 500 mg bid administered as a capsule. 
Within the 25- to 1,300-mg bid dose range, C^^ values 
ranged from 93.0 to 3,585 ng/mL on day 1 and from 59.2 to 
2,946 ng/mL on day 6, and AUC,2h values ranged from 289 
to 13,531 ng • h/mL on day 1 and from 315 to 15,724 ng • 
h/mL on day 6. On day 6, C^in values ranged fi-om 6.7 to 
363 ng/mL, The elimination of Rl 15777 from plasma was 
biphasic. The half-life associated with the first elimination 
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Table 4. Toxicifies Related to R 11 5777 During All Cycles by Dose level (n = 85 cycles) 



Dose 



50 mg 75 mg 125 mg 200 mg 325 mg 500 mg 800 mg 1,300 mg 

t6patienb,7cydes) (8 potigib, lOcydes) (7 poHerts, 9 cydes) {7pohenb, lOcyda) (7 poHenh, 7 <ycles) t9pQliefTt>, 16cydes) {10patiefttsJ4cydes) (6 pdienfa, 9 cyda) 

Grade Grade Grade Gfode Grade Grade Grade 



Grade 



Nausea 
Vomiting 
Fatigue 



IHypotension 

Hypertension 

Arthralgia 

Myalgia 

Edema 

Fever 

Penoordial 

Neuropaltiy 

Neurocorticai 

tsleutropenia 

Hemoglobin 

TWnbocytopenio 

TWombocylosis 

Creatinine 

Hypokalemia 

Hypomognesmio 



1 1 



NOTE. This table includes the number of patients who experienced toxicities greater than grade 1 , at maximum grade per patient, that were considered possibly, 
probably, or very likely related to study drug, at each dose during alt cycles of therapy. The 500-mg level includes toxicities observed in patients receiving the 
500-mg capsule formulation or the 525-mg liquid formulation. The 800-mg level includes toxicities observed in patients receiving the receiving 800-mg capsule 
formulation and the 850-mg liquid formulation of Rl 1 S777. Patients experiencing toxicities at more than one dose level ore reported at all dose levels at which 
the toxicity was observed. Three patients received three cycles at the 25-mg dose, and there were no grade 3 or 4 adverse events observed. 



phase was 5.27 + 3.24 hours (SEM + SD) for the oral 
solution (n = 17) and 4.34 + 1 .4 hours for the pellet capsule 
(n = 9). The terminal half-life associated with the second 
phase of elimination varied with the ability to quantify 
R115777 in plasma. Its median value was about 16 hours. 
Steady-state conditions were obtained within 2 to 3 days of 
bid dosing. The accumulation ratio was 1.09 + 0.28 for the 
oral solution and 0,92 + 0.20 for the capsule and indicates 
little accumulation of Rl 15777 after a 5-day bid dosing 
regimen. 

Plots of the individual values of C^ax and AUC,2h> 
evaluated after the first dose on day 1 and the last dose on 
day 6. versus the administered dose of Rl 15777 (Fig 3) 
indicate a consistent dose-proportional increase in the 25 to 
325-mg dose range for the oral solution. For the capsule, a 
dose-proportional increase was observed in the 500- to 
1,300-mg dose range after the first dose on day 1. However, 
at day 6, AUC,2h and C^^x seemed to increase less than 
dose proportional. Since vomiting occurred only during one 
out of 1 1 assessments for the pharmacokinetics of the 800- 



and 1,300-mg doses, it is not likely that the deviation from 
dose proportionality is the result of drug loss from emesis. 
The data also suggest that the bioavailability of the capsules 
is less than that of the oral solution. Furthermore, the data 
suggest substantial interindividual variability in the oral 
bioavailability of Rl 15777. 

The urinary excretion of unchanged Rl 15777 (n = 15) 
was negligible, as less than 0.1% of the administered oral 
dose was excreted in the urine as unchanged drug. In 
addition, 16.5 ± 12.2% (mean ± SD) of the administered 
dose was excreted in the urine as the glucuronide conjugate 
of Rl 15777. 

The estimates of the logistic regression model param- 
eters, as listed in Table 6, related frequently observed 
adverse events with pharmacokinetic parameters. Ac- 
cording to the model, fatigue was the only response for 
which the probability of occurrence could be predicted 
reliably on the basis of and AUCs. The AUC,2h(ss) 
corresponding to a 50% probability to develop fatigue 
was estimated at 4,210 ± 1,390 ng • h/mL (mean ± SD). 
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Table 5. Pharmacokinetic Parameters 



Oral Sotution 



Porameter 



25 mg 



50 mg 



75 mg 



125 mg 



200 mg 



325 mg 



Day 1 

hours 
Cmax/ ng/ml- 
AUCi2h. ng-h/mL 
h/2/ hours 
Day 6 

*max/ hours 

Cmim ng/mL 
Cma« ng/mL 
AUCi2h* ng • h/mL 
h/2H«nincJ/ hours 
Accum index 



0.8 ± 0.3 
147 ± 64 
470 ± 254 
5.6 ± 2.0 

1.1 ±0.4 
10.0 ±3.0 
123 ±87 
506 ± 273 
12.6 ± 13.8 

1.1 ±0.2 



1.4 ± 0.6 
266 ± 90 
1,005 ± 258 

5.0 ± 1.3 

1.4 ±0.3 
24.0 ± 15.0 
285 ± 101 
1,108 ± 507 
12.8 ±8.5 

1.1 ±0.3 



1.1 ±0.4 
264 ± 140 
1,021 ±615 

9.1 ± 6.4 

2.2 ± 1.5 
28.0 ± 6.0 
274 ± 51 

1,207 ±330 
11.5 ±4.7 

1.3 ±0.4 



1.5 ±0.7 
646 ± 109 
2,475 ± 690 
4.4 ± 1.9 

1.9 ±0.3 
84.0 ± 38.0 
528 ± 102 
2,537 ± 396 
20.7 ± 7.5 

1.1 ±0.3 



1.3 ±0.3 
712 ±474 
2,616 ± 1,541 
4.9 ± 1.4 

1.5 ± 0.5 
66.0 ± 46.0 
778 ± 470 
2,940 ± 1,736 
58.3 ± 48.4 

1.1 ±0.3 



1.8 ± 1 
2,045 ± 933 
8,891 ± 4,045 

2.7 ± 0.2 

1.8 ±0.3 
148 ±89 

1,549 ±663 
7,651 ± 3,070 
18 ± 7.7 
0.9 ±0.1 



Porometer 




Copsule 




500 mg 


800 mg 


1,300 mg 


Day 1 








»ma«/ hours 


3.4 ± 0.6 


3.0 ± 1,0 


1.8 ±0.3 


Cmax/ ng/mL 


1,637 ± 996 


1,476 ±569 


2,521 ± 1,038 


AUCi2h/ ng • h/mL 


9,304 ± 7,669 


7,134 ± 2,526 


11,970 


t|/2, hours 


3.8 ± 0.5 


5.2 ± 1.2 


7.1 ± 6.7 


Day 6 








fma« hours 


3,7 ± 0.6 


2.8 ± 1,3 


1.6 


C^n/ ng/mL 


183 ± 115 


187 ± 153 


115 


Cmax/ ng/mL 


1,656 ±1,124 


1,589 ±969 


1,115 


AUC|2h, ng • h/mL 


8,701 ± 6,092 


6,951 ± 3,906 


5,935 


h/2l«rminol. hoUrS 


31.5 ± 17.1 


24.6 ±9.1 


13.0 


Accum index 


1.0 ±0.2 


0.9 ± 0.2 


0.6 



NOTE. Pharmacokinetic porometers (mean ± SD, n = 3 per dose level or when SD is omitted, n ^ 2) of Rl 1 5777 in patients with advanced incurable cancer 
were evaluated in cycle 1 after the first dose on day 1 and after the bst dose on day 6. Rl 15/// was given bid as an oral solution (25 to 325 mg) and as pellet 
capsules (500 to 1 ,300 mg). 



The model prediction for nausea had a borderline signif- 
icance. Vomiting and diarrhea could not be related to any 
of the pharmacokinetic parameters. 

Flow Cytometric Analysis 

The effect of famesyltransferase inhibitors on T-, B-, and 
natural killer- cell populations was assessed by flow cytom- 
etry. To assess changes in the threshold for activation of the 
cells, the expression of early and late activation markers 
(CD69 and HLA-DR, respectively) and CD45 isoform 
markers of naive and activated/memory subpopulations was 
examined in CD4 populations. Finally, atypical CDS pop- 
ulations expressing CD57 and lacking in CD28 expression 
expand after chemotherapy or transplantation, in human 
immunodeficiency virus and in the extreme elderly, in a 
process that may reflect terminal differentiation of chroni- 
cally activated cells.^^'^"* These CDS subpopulations were 
therefore assessed. 

Flow cytometric analyses were performed at five time 
points: pretreatment (cycle 1, day 1), end of the first drug 
treatment (cycle 1 , day 6), end of the first cycle (cycle 1 , day 



14), end of the second cycle (cycle 2, day 14), and end of the 
third cycle (cycle 3, day 14). All 27 patients were assessed 
before the start of therapy, 21 were assessed through the end 
of two cycles of treatment and recovery, 16 were assessed 
through three cycles, and two were observed after four and 
six cycles. 

The absolute numbers (cellsZ/iL) of all peripheral-blood 
lymphocyte populations assessed (CD4, CDS, total CD3, B, 
and natural killer cells) decreased during the first 5-day 
treatment period (P[CD4] = .047, P[CD8] = .01, P [natural 
killer] = .001, P [B] = .36) but recovered to pretreatment 
levels by the end of cycle 1 or cycle 2. T-cell subsets and 
B-cell populations at the end of the third cycle (cycle 3, day 
14) were reduced 30% to 35% compared with pretreatment 
levels (P[CD4] = .001, P[CD8] = ,001, P[natural killer] = 
.08, P[B] = .007) but remained within normal adult ranges. 
The reduction in numbers persisted in the two individuals 
observed for longer periods. The drop in T and B cells was 
associated primarily with a decrease in the overall fi^e- 
quency of lymphocytes from an average of 21% ± 2.3% at 
baseline (cycle 1, day 1) to 16.6% ± 2.3% at cycle 3, day 
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Fig 2. Representative concentration-time profiles of R1 15777 given bid to patients as an oral solution (A, 125 mg) and as capsules [B, 500 n>g). 



14; this corresponded to an average decrease in the total 
number of lymphocytes from 1,454 ± 166 cells/^tL to 
1 ,026 ±114 cells/^L. The total WBC count did not change 
significantly (7.3 ± 0.71 X lO^/^itL v7.1 ± 0.77 X lOV/xL) 
at these time points. Thus, although a 14-day period was 
sufficient for recovery of lymphocyte levels after the first 
two cycles, it was not sufficient for the third. 

The percentages of T-cell subsets and B and natural 
killer cells within the total lymphocyte population re- 
mained remarkably constant throughout the study. Fur- 
thermore, the frequency of expression of activation 
markers (HLA-DR), of naive and memory phenotypes in 
CD4 cells, and of atypical chronically activated CDS 
cells remained consistent within each patient. This lack 
of changes in subpopulations of T cells would be consis- 



tent with either altered trafficking of lymphocytes within 
the peripheral blood or with a nonspecific loss of lym- 
phocyte populations. 

Analysis of Ras and Prenyl Protein Processing 

The processing of the prenylated protein lamin BJ, Ras, 
and Rho B was studied in lymphocytes using a technique 
initially developed to study the effects of famesyl protein 
transferase inhibitors in tumor cells in tissue culture. The 
method measures levels of prenylated proteins in particulate 
membrane fractions and the appearance of unprenylated 
proteins in the soluble, cytosolic fractions. Strong signals 
for Rho B and Ras were observed in all particulate mem- 
brane fi^ctions. Levels were not decreased by treatment 
with high doses of Rl 15777 (500, 800, and 1,300 mg). 
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Fig 3. Individual values of and AUC,2h versus bid dose, evaluated in cycle 1 after the first dose on day 1 and after the bst dose on day 6. The oral 
solution and the oral pellet capsule are represented by open and closed circles, respectively. The trendlines are the regression lines with the intercept set at zero. 



There was no appearance of Rho B in soluble fractions after 
treatment with Rl 15777, an observation consistent with the 
posttranslational modification of the protein by gera- 
nylgeranyltransferase. Evaluation of soluble, unfamesy- 
lated Ras revealed that an antigen appearing randomly in 
patient and healthy volunteer samples cross-reacted with 
the pan-Ras antibody. The cross-reactivity seemed to be 
associated with erythrocyte contamination and hemolysis 
in samples. This prevented an accurate assessment of 
soluble unfamesylated Ras. However, there was no 
evidence of a treatment-related increase in soluble Ras in 



the samples. Lamin Bl immunoreactivity was at the 
limits of detection and could not be reliably measured. It 
is known that lamin Bl expression is restricted to certain 
tissues and predominates in proliferating tissues.^^ The 
low levels of lamin Bl compared with those obtained in 
cell lines grown in culture may reflect the lack of cell 
proliferation in the peripheral-blood lymphocyte com- 
partment. Although peripheral-blood lymphocytes may 
be attractive for monitoring the effects of prenylation 
inhibitors because of their accessibility, the lack of cell 
turnover may preclude their utility in biomarker studies. 
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Table 6. Estimates ond SEs of Parameters of the Logistic Model Fitted to All Combinations of Responses and Predictors 



Response/Precltctor 



Units 



Parometers 



EsHmcrtes 



SEs 



Nausea 

^max 

AUCi2(sd) 
AUC12M 
Vomiting 

^max 

AUC,2{sd) 
AUCi2(ss) 
Diarrhea 

AUC,2{sd) 
AUC,2i$sl 
Fatigue 

AUC,2M 
AUC,2(ss) 



ng/mL 
ng * h/mL 
ng • h/mL 

ng/mL 
ng • h/mL 
ng • h/mL 

ng/mL 
ng • h/mL 
ng ■ h/mL 

ng/mL 
ng * h/mL 
ng ■ h/mL 



n 
n 



P50 
n 

P50 



Pso 
n 

P50 

n 

P50 
n 

Pjo 
n 

P50 

n 

P50 



384 
1.21 

1420 
1.11 

1530 
1.13 

1540 

0.0795 
8580 

0.0835 
8650 

0.223 

4370 

0.343 
16800 

0.433 
12400 

0.466 

1040 

1.48 
4210 

1.62 
4230 

1.54 



174 

0.662 
676 

0.59 
705 

0.667 

2290 

0.427 
12700 

0.361 
12800 

0.434 

6480 

0.446 
21600 

0.439 
17200 

0.518 

355 

0.611 
1390 

0.654 
1450 

0.661 



.0371 
.0793 
.0459 
.0723 
.0401 
.104 

.506 
.854 
.506 
.819 
.505 
.612 

.506 
.449 
.443 
.334 
.478 
.376 

.00745 

.0233 

.00553 

.0205 

.00717 

.0279 



Antitumor Response 

Twenty-seven patients were treated on this phase I trial. 
Two patients did not complete a total of three cycles (6 
weeks) of therapy for reasons other than disease progression 
(one patient for noncompliance and one patient for devel- 
opment of inferior vena cava thrombosis) and were not 
evaluated for a response. By the end of 6 weeks of therapy, 
17 patients had developed progressive disease and therapy 
was discontinued. Among eight patients who had had stable 
disease after three cycles of therapy, four continued therapy 
with R115777 and their disease remained stable for 2 to 5 
months. One patient with metastatic colon cancer involving 
the mediastinum and lung experienced improvement in 
symptoms (decreased cough) and a carcinoembryonic anti- 
gen decrease from 2,991 to 1,626 ng/mL. This patient 
developed progressive disease after 5 months of Rl 15777 
therapy. 

DISCUSSION 

This phase I trial attempted to determine the maximum- 
tolerated dose of R 11 5777 when administered orally twice 
daily for 5 consecutive days followed by 7 to 9 days of rest. 
The maximum-tolerated dose as defined in the protocol was 



not reached and dosing was terminated at the highest dose 
level (1,300 mg bid; total daily dose, 2,600 mg). 

Only one dose-limiting toxicity was observed in one of 
six patients who received Rl 15777 1,300 mg bid. This 
patient developed grade 3 peripheral neuropathy, described 
as a painftil burning sensation in the extremities, oral cavity, 
and vaginal area. Although not defined as dose limiting, 
grade 2 fatigue (decrease in two performance status levels) 
was observed in four of six patients at the 1,300-mg bid 
dose level and two of nine patients at the 800-mg bid dose 
level. Grade 1 to 2 increases in serum creatinine levels and 
urinary findings consistent with acute tubular injury were 
noted in two patients treated with the 1,300-mg dose, which 
suggests that Rl 15777 may be nephrotoxic at high doses. 
Therefore, we recommend that patients maintain adequate 
hydration during Rl 15777 therapy and that concurrent 
treatment with agents known to cause renal tubular injury be 
avoided. Minimal hematopoietic toxicity was observed in 
this trial, possibly due to the interrupted schedule. 

Pharmacokinetic studies demonstrate that Rl 15777 is 
orally bioavailable with plasma concentrations reaching 
those necessary for an antitumor effect in preclinical stud- 
ies. Dose-proportional pharmacokinetics in the 25- to 
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325-nig dose range were noted for the oral solution through- 
out the 5-day dosing regimen. For the capsule, dose pro- 
portionality could be demonstrated in the 500- to 1,300-mg 
dose range after the first dose on day 1 but not after the last 
dose on day 6. Furthermore, the data suggest that the 
bioavailability of the capsules is less than that of the oral 
solution. However, because of the limited data and the high 
interindividual variability, more data are needed to investi- 
gate these observations. The pharmacokinetics of Rl 15777 
will be further explored in the drug development of 
R115777 to allow correlation of pharmacokinetic parame- 
ters with patient characteristics, disease state, liver fimction, 
and concomitant medication using population pharmacoki- 
netic analysis techniques. Also, other drug formulations and 
the effect of food will be evaluated. Determination of the 
therapeutic level will allow assessment of the importance of 
the interindividual pharmacokinetic variability. 
No objective tumor responses were observed in this phase 

I trial, although one patient with colon cancer metastatic to 
lungs experienced an improvement in her cough and de- 
creased carcinoembryonic antigen levels, ras mutation anal- 
ysis was performed on tumor specimens of patients partic- 
ipating in this trial. Three of 23 tumor specimens tested 
were positive for a ras mutation. The low fi-equency of ras 
mutations in this study can be attributed to the small sample 
size and patient selection factors. We also had other trials 
open at our institution for patients with known ras muta- 
tions, which may also have been a contributing factor. The 
results of phase II studies will be necessary to correlate ras 
mutation status with clinical response. 

Although the protocol-defined maximum-tolerated dose 
was not achieved in this trial, analysis of toxicity data from 
all cycles and the pharmacokinetic data suggest that 500 mg 
bid for 5 days every 14 days is an appropriate dose for phase 

II studies. Pharmacokinetic studies demonstrate that 500 mg 
orally twice daily achieves plasma concentrations correlat- 
ing with an antitumor effect in preclinical studies. The most 
frequent clinically significant adverse event related to 
Rl 15777 was fatigue. Two of seven patients treated with 
800 mg bid and four of six patients treated at 1,300 mg bid 
reported grade 2 worsening of performance status. All 
patients had advanced cancer and virtually all of them had 
received multiple previous therapies that could have con- 
tributed to declines in performance status. Nonetheless, the 
association of increasing frequency of significant perfor- 
mance status reduction with doses greater than 500 mg bid 
is reasonably strong. Clinical applications of this schedule 
might be in combination with cytotoxic chemotherapy, 
especially in light of the finding that cisplatin and paclitaxel 
have been demonstrated to have additive to synergistic 
effects when combined with famesyl protein transferase 



inhibitors.^ It remains to be seen whether the dose and 
schedule defined in this trial has utility as a chronic 
single-agent therapy, because only two patients received 
Rl 15777 for at least 2 months. Further evaluation of this 
schedule can be addressed fiirther in phase II studies with 
defined patient populations. 

Further support for phase II testing with Rl 15777 at the 
500-mg orally, twice-daily schedule comes from pharma- 
cokinetic data showing a possible deviation from dose 
proportionality for the oral bioavailability of Rl 15777 at 
doses greater than 500 mg after repeated dosing. Our initial 
attempts to develop a surrogate biochemical correlate to 
monitor famesyl protein transferase inhibition in peripheral- 
blood lymphocytes failed to detect changes that have been 
seen in cell culture studies. It remains to be determined 
whether the problem is associated with technical limitations 
of the assay or was due to the lack of protein turnover in the 
normally quiescent lymphocyte compartment. 

In addition to the role mutant Ras may play in proliferation 
and apoptotic resistance in fibroblastic and epithelial malig- 
nancies,^^ Ras proteins also play a central role in both die 
activation^* and apoptotic pathways'' of normal T and natural 
killer cells. Mamtenance of homeostasis in T-cell populations 
in adults involves a complex interplay of low-level prolifera- 
tion of peripheral cells, replenishment by maturation of new 
naive cells from the thymus, and loss of cells by apoptosis.^^ 
The effect of inhibition of famesyl protein transferase on T-cell 
homeostasis is unknown but an important concem in a chron- 
ically administered treatment. Natural killer cells, in contrast to 
T cells, are relatively short-lived, but little is known of the 
mechanisms regulating natural killer homeostasis. For these 
reasons, the effect of famesyl protein transferase inhibitors on 
T-, B-, and natural killer-cell populations was assessed by 
flow cytometry. A small decrease in the total number of 
lymphocytes was noted at the end of the third cycle of therapy 
in diis trial. Although this decrease was not of clinical 
significance, these data suggest the need for monitoring of the 
lymphocyte populations in long-term or continuous-treatment 
trials with Rl 15777. 

This study indicates that Rl 15777 is orally bioavailable 
with an acceptable safety profile. This first clinical trial with 
a famesyl protein transferase inhibitor suggests further 
investigations are warranted. Major challenges with this and 
other agents that are considered cytostatic are dose and 
schedule selection and sequencing in combination with 
other cancer treatments. Early clinical trials of these and 
other similar compounds should continue exploratory stud- 
ies of potential novel surrogate end points of dmg effect^ 
(for example, levels of famesylated proteins). These studies 
will help select optimal dosing schedules for definitive trials 
that would assess time to progression and, ultimately, 
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overall survival. It may be necessary to administer famesyl 
protein transferase inhibitors chronically or in combination 
with other therapies for maximum clinical benefit. A phase 
I study of chronic dosing with R 11 5777 suggests that 
myelosuppression occurs at significantly lower doses than 
has been observed in this phase I trial using an interrupted 
schedule.*^ The different toxicity profiles seen with the 
intermittent versus chronic dosing schedules have implica- 
tions for sequencing with other agents that cause myelosup- 
pression. Preclinical data with various famesyl protein 
transferase inhibitors demonstrate synergy or additive ef- 
fects with the traditional chemotherapy agents^* and radia- 
tion therapy.*^ At the same time, preclinical data continue to 
underscore that ras (mutated or wild-type) is not the sole 
target of famesyl transferase inhibition.*^ The fact that ras 



mutation status does not predict preclinical anticancer 
activity^^ suggests that phase II trials should target a wide 
variety of malignancies (including lung, breast, colon, 
ovarian, and hematologic malignancies), regardless of the 
incidence of ras mutations. Studies of continuous dosing 
and studies of Rl 15777 in combination with other antineo- 
plastic agents are ongoing. 
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The synthesis and evaluation of analogues of previously reported famesyltransferase inhibitors, 
pyridyl benzyl ether 3 and pyridylbenzylamine 4, are described. Substitution of 3 at the 
5-position of the core aryl ring resulted in inhibitors of equal or less potency against the enzyme 
and decreased efficacy in a cellular assay against Ras processing by the enzyme. Substitution 
of 4 at the benzyl nitrogen yielded 26, which showed improved efficacy and potency and yet 
presented a poor pharmacokinetic profile. Further modification cifforded 30. which demonstrated 
a dramatically improved pharmacokinetic profile. Compounds 26 and 29 demonstrated 
significant in vivo efficacy in nude mice inoculated with MiaPaCa-2, a human pancreatic tumor- 
derived cell line. 



Introduction 

Ras proteins are key elements in signal transduction 
from cell-surface receptor tyrosine kinases through the 
cytoplasm to the cell nucleus.* Mutations in ras genes 
lead to constitutively activated Ras proteins resulting 
in uncontrolled cell growth.^ ^ Mutated Ras proteins are 
found in a number (30-50%) of human tumors including 
^30% of lung cancers, 50% of colon cancers, and 90% 
of pancreatic cancers."* Therefore, inhibition of oncogenic 
Ras function should be a viable therapy for these types 
of tumors.^"^ 

Newly synthesized Ras proteins undergo a series of 
posttranslational modifications to provide the active 
species.8"*2 The first modification occurs by the transfer 
of a farnesyl group from farnesylpyrophosphate to the 
cysteine near the C-terminus (CAAX box). Famesylation 
is followed by proteolytic cleavage of the AAX group and 
subsequent 0-methylation of the new C-terminus. This 
truncated peptide migrates to the cell surface and 
anchors to the membrane using the attached farnesyl 
chain. The only step required for activation of Ras 
is the farnesylation of the cysteine thiol. This 
reaction is catalyzed by the enzyme protein famesyl- 
transferase (FTase). Inhibition of this enzyme has been 
shown to reduce Ras function both in vitro and in 
vivo.*3-24 Therefore, the inhibition of FTase represents 
an intriguing target for cancer chemotherapy.".26 

We recently reported^^ a series of compounds related 
to FTI-276. 1. a potent inhibitor of FTase (Chart 1). 28.29 

* To whom correspondence should be addressed. Present address 
for S. J. O'Connor: Pharmaceutical Division, Bayer, 400 Morgan Lane, 
West Haven, CT 06516-4175. Present address for K. J. Barr: Sunesis 
Pharmaceuticals. Inc.. 3696 Haven Ave. Suite C. Redwood City. CA 
94063. 

T Abbott Laboratories. 

5 University of South Florida. 

" Present address: Amgen. 1840 DeHavilland Dr. Thousand Oaks. 
CA 91320-1789. 



Chart 1. Structures of FTase Inhibitors 1-4 




3 X = 0 

4 X = NH 



We successfully replaced the metabolically labile cys- 
teine with a 3-pyridyl substituent and also determined 
that ortho-substitution of the biphenyl moiety with 
sterically demanding groups provided an unexpected yet 
critical boost in potency. Compound 3, with a 3-oxypy- 
ridyl linkage and an o-tolylbiphenyl spacer, possesses 
an ICso value of 0.4 nM. The ability of 3 to prevent 
farnesylation of Ras in whole cells (Ras processing, ED50 
= 0.35 /^M) equaled that of FTI-277, 2, an ester prodrug 
of 1. Although equipotent to FTI-276, compound 3 was 
not active against human tumor xenografts (MiaPaCa) 
in nude mice. We ascribed the inactivity of 3 to several 
factors. Pharmacokinetic studies in the rat demon- 
strated a very short plasma half-life, and the overall 
oral bioavailability (6%) was very poor. In addition, 3 
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may not possess activity sufficient to inhibit the growth 
of such an aggressive human tumor cell line. Therefore, 
we set out to improve upon 3 by augmenting its potency 
and pharmacokinetic profile. Our efforts concentrated 
on altering the heterocyclic ring electron density and 
increasing the lipophilicity of 3 and its aminopyridyl 
analogue 4. These alterations included substitution on 
the biphenyl core of 3, appending groups to the amino 
linkage of 4, or replacement of the pyridine ring 
altogether. The results of our work are presented here. 

Chemistry 

Analogues of 3 substituted at the 5-position of the 
biphenyl ring were prepared by Suzuki coupling of 
iodide 7 with boronic acids or alkylboranes according 
to published procedures (Scheme \)?^ The boronic acids 
used were commercially available. The boranes were 
either purchased (triethylborane. tributylborane, and 
benzyl-9-BBN), prepared by hydroboration (tripentylbo- 
rane). or prepared by reaction of the appropriate lithium 
or Grignard reagents with 9-methoxy-9-BBN (isobutyl, 
phenethyl, cyclohexylmethyl).^* The coupled benzoate 
esters were converted to the final compounds as previ- 
ously described. 2^ 

Analogues of amine 4 were prepared in the following 
manner. The appropriate amino heterocycle was reacted 
with an aldehyde to form the Schiff base. Reduction with 
NaBH4 or Na(0Ac)3BH provided the secondary amine, 
which was deprotonated with />BuLi or sodium bis- 
(trimethylsilylamide) and coupled to a halomethylbi- 
phenyl ester^^ as shown in Scheme 2. 5-Flouro-3-amino- 
pyridine was prepared from the 5-fluoronicotinic acid^^ 
as shown in Scheme 4, while the pyrimidine analogue 
was made according to the route outlined in Scheme 5. 
The amides 23 and 24 were prepared by acylation of 
3-aminopyridine with benzoyl or phenylacetyl chloride. 
The benzenesulfonamide arose from sulfonylation of 
3-aminopyridine with benzenesulfonyl chloride. Each of 
these compounds was deprotonated and reacted with 
the bromomethylbiphenyl ester using the same proce- 
dure as the secondary amines. Thiazole amines were 
prepared analogously to the amino heterocycles and 
reacted with the bromide using diisopropylethylamine 
as an HCl scavenger. Conversion to the final compounds 
was straightforward.^^ 

Results and Discussion 

The results of modification of 3 at the 5-position are 
summarized in Table 1. Examination of the data for 3, 
9, 10, and 11 reveals that aryl substitution at the 
5-position was severely detrimental to potency against 
the enzyme with respect to the parent compound, 
whereas the activity dropped 2-3 orders of magnitude. 
We were less discouraged by the results of alkyl 
substitution. Compounds 12-15 demonstrate that small 
alkyl substltuents are far better tolerated and that 
slightly longer, unbranched groups are somewhat fa- 
vored, suggesting the presence of a narrow hydrophobic 
pocket. The benzyl and phenethyl analogues of 3 are 
equipotent to the parent compound. The diminished 
activity of the similarly lipophilic, yet more sterically 
demanding, cyclohexylmethyl analogue 18 adds cre- 
dence to our postulation of a more narrow lipophilic 
pocket. Each of the 5-substituted analogues of 3 was 



Scheme 1. Synthesis of FTase Inhibitors Containing an 
Ether Linkage^ 



MeOaC 



NH2 

^..X^COaMe a.b 



MeOaC 




.COaMe 




h-k 




N^COaH 
H 



9 R = p-toiyl 

10 R = 3.5-clichlorophenyl 

11 n = 2-thieny! 

12 R = butyl 

13 Rs= ethyl 



14R = isobutyt 
15R = n- pentyl 

16 R = benzyl 

17 R = phenethyl 

1 8 R = cyclyohexylmethyl 



« Reagents: (a) Brz, pyridine/CHzCU; (b) Pd{0Ac)2. PPha. o- 
tolylboronic acid, aq NazCOa, toluene, reflux: (c) NaNOa, Nal, 3 N 
HCl. acetone: (d) aq NaOH, THF/MeOH: (e) BHa-THF; (f) PPha/ 
CBr4. CH2CI2: (g) K-O-3-Pyr, BnNEtaBr. CH2CI2; (h) R-B(0H)2, 
Pd(0Ac)2. PPh3. aq NaaCOs. toluene, reflux; or R3B/R-9-BBN. 
CUPdDPPF, base, DMF. 65 X; (i) NaOH. aq EtOH. reflux: (j) 
Met(OMe)-Ha, NEt3. EDCI, HOBt, DMF; (k) LiOH. aq THF/ 
MeOH. 

notably less active in the whole-cell Ras processing 
assay (EDso's i 1 ;<M). 

The results of modifications of 4, the amine series, 
are summarized in Table 2. Acylation or sulfonylation 
of the nitrogen resulted in significant reduction in 
potency against the enzyme (compare 23-25 with 4). 
The benzoyl (53 nM) and phenylacetyl (39 nM) substi- 
tuted analogues were ~100 times less active against the 
enzyme than the NH compound. The sulfonyl derivative 
25 was slightly better at 7 nM. a loss of only 15-fold. 
The reverse effect was observed with N-alkylation. With 
an IC50 value of 100 pM. benzyl derivative 26 demon- 
strates a 4-fold increase in potency over the parent 
compound, suggesting that the reduction in potency 
observed for the acylated analogues was due principally 
to the electron-withdrawing nature of the substltuents. 
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Scheme 2. Synthesis of FTase Inhibitors Containing an 
Amino Linkage^ 



19 



20 



d.e 



f.g 




C02H 




23 X^H 

24 X=CH 

25 X=CH 

26 X=CH 

27 X=CH 
X=N 
X=CH 

30 X=CH 

31 X=CH 



28 
29 



22 



Y=N 

Y=N 

Y=N 

Y=N 

Y=N 

Y=N 

Y=CH 

Y=CH 

Y=N 



"CO2H 

H 



R=COPh 
R=C0CH2Ph 
R=:S02Ph 
R=Bn 

R=CH2C-Hex 

R=Bn 

R=Bn 

R=3,5-DiF-Bn 
R=3,5-DiF-Bn 



* Reagents: (a) R-COCl or R-SO2CI. NEts, CH2CI2; (b) RCHO. 
toluene, reflux (-H2O): (c) NaBHi, EtOH; (d) />BuLi or NaHMDS, 
THF. then methyl 4-bromomethyl-2-(2-methylphenyl)benzoate; (e) 
NaOH. aq EtOH. reflux; (0 Met(OMe)-HCl. NEta. EDCI. HOBt, 
DMF: (g) LiOH. aq THF/MeOH. 

The improvement in cellular potency was even more 
dramatic, in that the ED50 for 26 was measured to be 
13 nM. a 20-fold increase. Thus 26 is the first compound 
we prepared possessing whole-cell activity greater than 
that of our original lead. FTI-277. 

Despite the substantial improvement in the activity 
demonstrated by 26. the pharmacokinetic behavior 
remained poor. The iv half-life was less than 1 h (see 
column 7. Table 2). and the systemic area under the 
curve (AUG) was well below 1 jUg-h/mL upon intraduode- 
nal (id) dosing, though the portal vein AUG was reason- 
able at 3 /ig-h/mL. The discrepancy in AUG values is 
indicative of dramatic first-pass effects in the liver. In 
fact, after dosing compound 26 in rats over 80% of the 
dose can be recovered from the bile as unchanged drug. 

In an attempt to improve upon the pharmacokinetic 
profile of 26. we prepared the cyclohexylmethyl ana- 
logue 27 and fluoro-substituted pyridine analogue 40. 
The rationale was that the cyclohexyl group might add 
some additional lipophilicity while the 5-fluoro deriva- 
tive should be less basic than the parent pyridine. Both 
of these new substrates proved to be essentially equi- 
potent with 26. However, they each demonstrated a 



Scheme 3. Synthesis of FTase Inhibitors Containing a 
Variously Linked Thiazole Moiety^ 



N^CHO 
32 



a.b 



NHR 



33 



C-t 




N XO2H 



34 2-thiazolyl R=Bn 

35 4-thiazolyl R=Bn 

36 5-thiazolyl R=Bn 

37 S^thiazolyl R=3.5-DiF-Bn 



^Reagents: (a) R-NH2 toluene, reflux (-H2O): (b) NaBH4. 
EtOH: (c) methyl 4-bromomethyl-2-(2-methylphenyl)benzoate. Et- 
NiPrz. CH3CN, rt-60 "C; (d) NaOH. aq EtOH. reflux; (e) 
Met(OMe)-HCl. NEt3. EDCI. HOBt. DMF; (f) LiOH. aq THF/ 
MeOH. 

Scheme 4. Synthesis of FTase Inhibitor 
3-Fluoropyridine Analogue 40^ 



CO2H 



a.b 



38 



39 



C-h 




N CO2H 
H 



40 



* Reagents: (a) DPPA. NMM, CICH2CH2CI. rt-80 "C, then 
BnOH. cat. CuCl. reflux; (b) NH4HCO2. Pd/C. MeOH. reflux; (c) 
RCHO. toluene, reflux (-H2O): (d) NaBHi. EtOH; (e) />BuLi. THF. 
then methyl 4-bromomethyl-2-(2-methylphenyl)benzoate, -30-0 
"C: (0 NaOH. aq EtOH. reflux; (g) Met(OMe)-HCl. NEts, EDCI. 
HOBt. DMF; (h) LiOH. aq THF/MeOH. 

reduced plasma half-life, and both reduced iv and 
systemic AUCs compared to 26. 

We prepared less basic heterocycles in an attempt to 
improve pharmacokinetics. The pyrimidine and pyra- 
zine compounds possessed potent in vitro enzyme activ- 
ity but were of lower potency in the cellular assay 
(compare compounds 43 and 28 with 26). The potency 
of the variously substituted thiazole analogues displayed 
a clear regiochemical preference (compounds 34-36, 
Table 2). the 5-substituted derivative proving to be 
substantially more active (0.5 nM) than either the 2- or 
4-substituted isomers (7 and 16 nM. respectively). 
However, these compounds demonstrated notably re- 
duced activity in the Ras processing assay than the 
corresponding pyridine analogue (e.g. compound 36. 
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Scheme 5. Synthesis of FTase Inhibitor Pyrimidine 
Analogue 43^ 

Br ^NHBn 



41 



I J 
42 



b-e 




N XO2H 
H 



^ Reagents: (a) 5-aminopyrazine, BnNHz, CU2O3, K2CO3, reflux; 
(b) NaHMDS. THF, then methyl 4-bromomethyl-2-(2-methyIphe- 
nylibenzoate, rt. reflux; (c) NaOH. aq EtOH, reflux; (d) Met(OMe)- 
HCl. NEt3. EDCI. HOBt, DMF; (e) LiOH, aq THF/MeOH. 

Table 1. Results of Substitution at the 5-Position of 3« 
[\ 




N COoH 
H ^ 



compd 


R 


IC50 (nM) 


ED50 (^M) 


3 


H 


0,4 ± 0.2 


0.4 


9 


4-(CH3)C6H4- 


370 


ND 


10 


3.5-CI2C6H3- 


95 


ND 


11 


2-thiopheneyl 


510 


ND 


12 


ethyl 


11 ± 1 


ND 


13 


/^butyl 


3 


<10 


14 


isobutyl 


29 


>10 


15 


pentyl 


2 


1 


16 


PhCHz- 


1 


> 1 


17 


PhCHzCHa- 


0.5 


1 


18 


CeHuCHa- 


12 


1 



« Unless statistical limits are given, the compounds were 
assayed once. The reliability of the in vitro assay is ±50%. The 
reliability of the cell-based assay is ±50-100%, Potencies that 
differ by more than 3-fold should be considered statistically 
different. 

ED50 = 300 nM). Additionally, none of the alternate 
heterocycles produced an improvement in the pharma- 
cokinetic profile. Interestingly, although the iv AUG for 
compound 43 (10.4 /ig*h/mL) was improved relative to 
26, it was subject to efficient first-pass clearance 
(systemic AUG 0.02 fig-h/wL). 

Garbocyclic replacement of the heterocycle resulted 
in some interesting findings. Benzene analogue 29 
possessed en2yme inhibitory potency comparable to that 
of the heterocyclic analogues. Though the cellular 
potency (ED50 = 400 nM) was reduced, it was not 
decreased any more than observed in the non-pyridine 
heterocycles. Unfortunately, the pharmacokinetics 
showed no improvement. Gompound 29 possessed simi- 
lar iv half-life and portal vein AUG in rat with respect 
to 26, and a similarly low systemic AUG was observed. 

During the process of defining the SAR of 29, the 3,5- 



difluorobenzyl analogue 30 was prepared, and this 
compound provided the best pharmacokinetic profile 
observed in the entire series, yielding a systemic AUG 
by oral administration of nearly 1 1 //g'h/mL. Unfortu- 
nately, as we observed previously with other inhibitors, 
only the in vitro potency was maintained (0.4 nM); the 
Ras processing efficiency fell off substantially ('^l fjM), 
The remarkable improvement in bioavailability of 30 
prompted us to replace the A^-benzyl substituent with 
the 3.5-difluoroben2yl moiety in the more potent com- 
pounds pyridyl 26 and thiazolyl 36. Although both 
compounds maintained comparable in vitro and cellular 
activity, neither possessed substantially better phar- 
macokinetics than the parent benzyl derivatives. Other 
inhibitors (data not shown) bearing this group also 
failed to demonstrate any improvement in pharmaco- 
kinetic behavior. We have no explanation for this 
isolated observation. 

Of the numerous farnesyltransferase inhibitors pre- 
pared during the course of our work in this area, several 
compounds, including some of those reported in this 
study, were also tested against the related enzyme 
geranylgeranyltransferase 1 (GGTlase). In nearly all 
cases examined the decrease in binding affinity observed 
was greater than 4 orders of magnitude. For example, 
compound 3 is 0.4 nM against FTase and 28 /^M against 
GGTlase. 

In Vivo. Based upon the results presented, we 
investigated the activity of pyridine 26 and aniline 29 
in vivo. In selecting these compounds, we compared a 
potent heterocyclic inhibitor with its carbocyclic coun- 
terpart. The compounds were tested against subcutane- 
ous xenografts in nude mice. The first cell line we 
selected was MiaPaGa-2, which is derived from a human 
pancreatic tumor containing a K-ras mutation at codon 
12 (Glyl2Gys). In addition, the cell line contains a 
mutation in the binding domain of p53 at position 248 
(Arg248Trp), considered a "hot spot" in human p53 
cancers. This cell line quickly (--16 days) produces 1-g 
tumors and is nonresponsive toward the majority of 
conventional cytotoxic agents. The ED50 of 26 against 
MiaPaGa-2 is less than 50 nM (91% inhibition of Ras 
processing at 50 nM). Like data for 29 is not available 
at this time. 

During the experiments approximately 8-week-old 
nude mice (lO/study group) were inoculated subcutane- 
ously in the right flank with 0.5 mL of a 1:20 brei of 
MiaPaGa cells on study day 0. Therapy was initiated 
on study day 1 and consisted of continuous once daily 
dosing of compound 26 at either 25, 50. or 100 mg/kg/ 
day (mpk/day) ip. The protocol involving aniline deriva- 
tive 29 was identical to that of the pyridine derivative 
26, except that doses of 25 and 12.5 mpk (ip) were used. 
The vehicle employed was a phosphate-buffered saline 
(PBS) solution with NaOH added. Vehicle was admin- 
istered as the untreated control, while cyclophospha- 
mide was used as the positive control. Measurement of 
tumors began on study day 6. Tumor mass was esti- 
mated by measuring length and width of the tumor with 
digital calipers and applying the following formula: (L 
X M^)/2. Mice were euthanized when tumors reached 
at least 1 g, and death due to drug toxicity was also 
monitored. Figure 1 shows select examples which il- 
lustrate our results. At the 25 mpk/day dose. 26 
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Table 2. Results of Modifications to the Aminopyridine Moiety of 4 
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AUG (fig-h/mL) 



compd 


Ri 


Rz 


4 


H 


3-pyridyl 


23 


PhCO- 


3-pyridyl 


24 


PhCHzCO- 


3-pyridiyl 


25 


PhSOz- 


3-pyridyl 


26 


PhCHz- 


3-pyridyl 


27 


CsHuCHz- 


3-pyridyl 


40 


PhCHz- 


5-F-3-pyridyl 


43 


PhCHz- 


5-pyrlmidyl 


28 


PhCHz- 


2-pyrazinyl 


34 


PhCHz- 


2-thiazolylmethyl 


35 


PhCHz- 


4-thiazolylmethyl 


36 


PhCHz- 


5-thiazolylmethyl 


29 


PhCHz- 


Ph- 


30 


S.S-Fz-CeHsCHz- 


Ph- 


31 


a.S-Fz-CeHsCHz- 


3-pyridyl 


37 


3.5-F2-C6H3CH2- 


5-thiazolylmethyl 



IC50 (nM) 



ED50 («M) 



Tmz (h) 



iv 



systemic 



0.4 
53 
39 

7 

0.10 ±0.04* 

0.1 
0.1 
0.4 
0.8 
7 

16 
0.4 

1.4 ±0.5* 
0.4 
1.4 
0.2 



3 
>1 
>1 
ND 

0.013 ±0.005* 

0.01 

0.03 

0.09 

0.05 
> 1 
>1 

0.3 

0.40 ± 0.06* 

0.05 
0.5 



ND 
ND 
ND 
ND 

0.83 ±0.21 

<0.4 

<0.4 

0.5 

<0.4 

ND 

ND 

<0.4 

0.8 

1.9 

1.0 ±0.1 
1.13 



ND 
ND 
ND 
ND 

3.0 ± 0.7 
2,5 ± 0.7 
1.0 ±0.3 
2.4 ± 0.9 
10.4 ± 6.0 

1.8 ±0.3 
ND 

ND 

3.2 ± 0.3 

1.9 ±0-3 
14.3 ±4.4 
3.56 ± 0.30 
2.4 ± 0.8 



ND 
ND 
ND 
ND 

0.5 ±0.1* 

o.n ±0.03* 

0.1 ±0.1 
0.4 ± 0.3^ 
0.02 ± 0.02* 
0.9 ± 0,7* 
ND 
ND 

1.6 ±0.6* 
0.6 ±0.1* 
10.8 ± 5.1* 
0.14 ±0.02* 
0.3 ±0.1* 



» n LTunTelrstlS XimS^T£%X. expounds were assayed once. The reliability of the in vitro assay is ±50%. The reliability 
of the cell-based assay is ±50-100%. Potencies that differ by more than 3-fold should be considered statistically different. 
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Figure 1. Antitumor efficacy of 26 and 29 vs untreated 
control against MiaPaCa-2 subcutaneous tumors in nude mice. 
Mice were inoculated subcutaneously In the right flank on 
study day 0, Therapy was Initiated on study day 1 and 
consisted of continuous once daily dosing ip of compound 26 
or 29 at the indicated doses. 

demonstrates a notable reduction in mean tumor mass 
for the animals studied. Compound 29 nearly matches 
this reduction at one-half the dosage (12.5 mpk/day) and 
shows a marked further improvement at the original 
higher dose. Thus, initial evidence of a dose-response 
has been established. 

In a similar study we investigated the antitumor 
efficacy of 26 against the slower developing human lung 
adenocarcinoma A-549, one of the NCI panel of 60 cell 
lines. The genetic lesions found in A-549 include a point 
mutation in K-ras^t codon 12 (Glyl2Ser). The cell line 
exhibits low levels of P-glycoprotein and bcl-2 expression 
in comparison to the other cell lines in the panel. A-549 
displays wild-type p53, and so presumably the p53- 
dependant pathway of growth arrest and apoptosis may 



42 56 
Study Day 

Figure 2. Antitumor efficacy of 26 vs untreated control 
against A-549 subcutaneous tumors in nude mice. Mice were 
inoculated subcutaneously in the right and left Hanks on study 
day 0, Therapy was initiated on study day 19 and consisted of 
continous once daily dosing of compound 26 at 25 mpk/day ip. 
Injections were stopped from days 45-53 and restarted on day 
54. 

still function. The ED50 of 26 against A-549 is about 1 
fiM, suggesting the compound to be far less active 
against this line than the MiaPaCa-2 line. 

Here therapy was initiated on study day 19 and 
consisted of continuous once daily dosing of compound 
26 at 25 mpk/day ip. Injections were stopped from days 
45-53 and restarted on day 54. The data presented in 
Figure 2 illustrates that a noteworthy reduction in mean 
tumor mass was once again observed in animals treated 
with 26 versus untreated controls. 

In the MiaPaCa trial with inhibitors 26 and 29. all 
mice inoculated with transformed cells developed tu- 
mors. The mean value for days to reach 1 g of tumor 
mass within the untreated control group was 16. Treat- 
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ment with cyclophosphamide at 25 mg/kg on days 1, 5, 
and 9 as a positive control produced a mean delay to 1 
g of tumor mass of 3 days. At an equivalent dosage, daily 
administration of the pyridine analogue 26 produced a 
mean delay in tumor growth of 2 days, while results 
from the aniline analogue 29 equaled that of the positive 
control at 3 days. This result was intriguing because 
we had observed previously that cellular potency was 
often predictive of in vivo efficacy, and yet 29 had 
demonstrated reduced activity in the cellular potency 
assay with respect to 26. None of the numerous other 
compounds in the aniline series demonstrated signifi- 
cant in vivo efficacy against the MiaPaCa cell line (data 
not shown). The reason for the increased efficacy of 29 
is not clear to us at this time. The pharmacokinetic 
profiles of the two compounds are not meirkedly differ- 
ent, as both inhibitors possess rather short half-lives 
and neither provides a systemic AUG above 1 //g-h/mL. 
One plausible explanation is that the aniline derivative 
may experience better tissue distribution, but we have 
no experimental confirmation of this at present. Despite 
this unexpected finding, these experiments clearly 
highlight the potential of farnesyltransferase inhibitors 
as effective antitumor drugs. 

Conclusion 

We have demonstrated that certain tertiary amine 
derivatives of CAAX mimetics are extremely potent 
inhibitors of farnesyltransferase. A^-Benzyl-3-aminopy- 
ridine analogue 26 possesses potent in vitro and cellular 
activity and demonstrated significant activity in Mia- 
PaCa and A-549 xenografts in nude mice. Aniline 
derivative 29 is also a potent inhibitor of farnesyltrans- 
ferase in vitro as well as in vivo. Efforts are currently 
underway to improve the in vivo profile of these inhibi- 
tors, and the results will be presented in due course. 

Experimental Section 

General. Proton magneUc resonance spectra were obtained 
on a Nicolet QE-300 (300 MHz), a General Electric GN-300 
(300 MHz), or a Varian Unity 500 (500 MHz) instrument. 
Chemical shifts are reported as 6 values (ppm) downfield 
relative to Me4Si as an internal standard. Mass spectra were 
obtained with a Hewlett-Packard HP5965 spectrometer; CI/ 
NH3 indicates chemical Ionization mode In the presence of 
ammonia. Combustion analyses were performed by Robertson 
Mlcrolit Laboratories. Inc.. Madison, NJ. Melting points were 
determined on a Buchl melting point apparatus with a silicone 
oil bath and are uncorrected. Chromatographies were carried 
out In flash mode using sUica gel 60 (230-400 mesh) from E. 
Merck. 

General Procedure for the Hydrolysis of Benzoate 
Esters to Benzoic Acids. To a solution of the biphenyl 
benzoate^^ in MeOH at room temperature was added a solution 
of 4 M NaOH in water (total reaction concentration —1 M). 
The mixture was brought to reflux and maintained until TLC 
analysis indicated complete consumption of starting material. 
The mixture was cooled to room temperature and the MeOH 
removed on a rotary evaporator. The resulting solution was 
extracted with ethyl acetate, and the aqueous phase was then 
cooled to 0 "C and acldlfled by the careful addition of 
concentrated aq HCl. The mixture was extracted with 2 
portions of ethyl acetate, dried over MgS04. filtered, and 
concentrated to give the desired compound. 

General Procedure for the Conversion of Benzoic 
Acids to Benzoylmethionine Methyl Esters. A solution of 
benzoic acid in DMF was treated sequentially with HOBt (1 10 
mol %). EDCI (110 mol %). and L-methionlne methyl ester 
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hydrochloride (130 mol %). The suspension was stirred for 15 
min, then trie thy lamlne (180 mol %) was added, and the 
mixture was stirred for 24 h. The reaction was quenched by 
transfer into ethyl acetate and extraction with water, satu- 
rated aqueous NaHCOa, and brine. The solution was then 
dried over Na2S04. filtered, and concentrated. The residue was 
purified by column chromatography on silica gel (ethyl acetate/ 
hexanes) to provide the desired compound. 

General Procedure for Hydrolysis of Methionine 
Methyl Esters. The methionine ester was dissolved In 3:1 
THF/MeOH and cooled in an ice bath. The solution was treated 
with aqueous LiOH (200 mol %) and the mbcture stirred until 
Judged complete by TLC analysis. The solution was concen- 
trated to remove the organic fractions and diluted with water 
and the pH of the solution adjusted to ^4 with aqueous HCl. 
If a solid precipitate formed, the product was collected by 
filtration. If an oil formed or If the solid was not isolable, the 
aqueous mixture was extracted with ethyl acetate, and the 
extracts were dried over sodium sulfate, filtered, and concen- 
trated. These procedures generally gave material of suitable 
purity. If not, the compound was purified by column chroma- 
tography on silica gel or reverse-phase preparative HPLC 

Dimethyl 2-Amino-5-(2-methylphenyl)terephthalate 
(6). To a -12 "C suspension In dlchloromethane of 2-amlno- 
terephthalate (10.5 g, 50.0 mmol) and pyridine (8.1 mL, 100.0 
mmol) was added a solution of bromine (2,6 mL, 52.5 mmol) 
in dlchloromethane (25 mL) over 0.5 h, and the reaction 
mixture was warmed slowly to ambient temperature amd 
stirred overnight. Aqueous workup followed by recrystalllza- 
tion from 95% ethanol gave the desired compound (11.13 g, 
77%. mp 113-116 X). 'H NMR (CDCI3): 6 8.09 (s. IH), 7.05 
(s, IH), 5.80 (bs. 2H). 3.93 (s. 3H), 3.88 (s. 3H). MS (DCI. 
NH3): 305 (M + NHJ^. A solution of palladium acetate (0.26 
g. 1.2 mmol) and triphenylphosphine (1.21 g, 4.6 mmol) in 100 
mL of toluene was stirred for 10 min at ambient temperature, 
and then the above product (1 1.13 g, 38.6 mmol). 2-methylphe- 
nylboronic acid (5.77 g, 42.4 mmol). ethanol (18 mL), and 
aqueous 2 M sodium carbonate (157 mL) were added. The 
reaction mixture was warmed to reflux and stirred for 18 h. 
The reaction mixture was cooled to ambient temperature and 
diluted with ether. The aqueous phase was extracted with 
ether. The combined organic layers were washed with water, 
dried, filtered, and concentrated In vacuo to give an orange 
oil. Chromatography on silica gel (25% ethyl acetate-hexanes) 
gave compound 6 (9.6 g, 83%) as a yellow solid. *H NMR 
(CDCI3): d 8.54 (s. IH). 7.66 (s. IH). 7.17-7.32 (m. 3H), 7.04 
(d, IH), 3.93 (s, 3H), 3.63 (s, 3H), 2.05 (s, 3H). MS (CI/NH3): 
428 (M + NH4)''. 

Methyl 2-(2-Methylphenyl)-4-hydroxymethyl-5-iodo- 
benzoate (7). A mixture of compound 6 (7.00 g. 23.4 mmol) 
and aqueous 3 M HCl (50 mL) in acetone (500 mL) was cooled 
to 0 "C and a solution of NaNOa (1.78 g, 25.7 mmol) in water 
(20 mL) was added dropwise. The reaction mixture was stirred 
for 1 h, and then urea (0.53 g. 8.88 mmol) was added followed 
by a solution of KI (6.79 g, 40.9 mmol) In water (20 mL). during 
which time the reaction temperature remained below 0 "C. The 
reaction mixture was stirred for 0.5 h, then the cold bath was 
removed, and stirring was continued for 2 h. The reaction 
mixture was diluted with water (400 mL), and NaHS03 was 
added until the brown color disappeared. The reaction mixture 
was filtered, and the solid material collected was recrystallized 
from 5% aqueous ethanol to give the desired compound (6.46 
g. 67%). mp 105-109 ''C. »H NMR (CDCI3) d\ 8.53 (s, IH), 
7.65 (s. IH). 7.37-7.51 (m. 3H). 7.06 (d, IH), 3.93 (s. 3H), 3.64 
(s. 3H). 2.07 (s. 3H). MS (CI/NH3): 428 (M H- NH4)-^. This 
material was dissolved in 60 mL of THF and cooled in an Ice 
bath. The Ice-cold solution was treated sequentially with 15 
mL of MeOH and aqueous LlOH (0.69 g In 25 mL of water), 
and the mixture was stirred for 68 h during which time the 
bath melted. The solution was concentrated to remove the 
organics and diluted with 100 mL of water. The aqueous 
mixture was extracted with 2 portions of ether and set aside. 
The ethereal extracts were combined and washed with water. 
The aqueous fractions were combined, and the pH was 
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adjusted to <2 with 1 M aq NaHS04. The mixture was 
extracted with 3 portions of ether, and the combined ethereal 
extracts were dried over MgS04, filtered, and concentrated to 
provide the crude acid (5.71 g, 92%) which was used without 
further purification. The acid (5.60 g, 14.06 mmol) was 
dissolved in 30 mL of dry THF and cooled in an ice bath. 
Borane (28.0 mL of a 1 M in THF» 28.0 mmol) was added 
dropwise, and the mixture was stirred for 2 h. The ice bath 
was removed » and after 2 h stirring, the solution was recooled 
to in an ice bath and quenched by the careful addition of 25 
mL of 20% aqueous THF (catyf/o/?././ vigorous evolution of gas), 
followed by 25 mL of 4 N aqueous H2SO4. The mixture was 
stirred an additional 10 min and diluted with 200 mL of water. 
This mixture was extracted with 3 portions of ethyl acetate, 
and the combined extracts were washed with water and 
saturated aqueous NaHCOs. The solution was dried over 
MgS04, filtered, and concentrated. The residue was purified 
by column chromatography on silica gel (20% ethyl acetate/ 
hexanes) to give compound 7, 3.93 g (73%, 67% overall). »H 
NMR (CDCI3): d 8.41 (s, IH), 7.34 (s, IH). 7.17-7.39 (m, 3H), 
7.06 (d. IH), 4.72 (d. 2H), 3.62 (s, 3H). 2.06 (s, 3H). MS (CI/ 
NH3): 400 (M + NH4)^. 

Methyl 2-(2-Methylphenyl)-4-(3-pyridyloxymethyl)-5- 
iodobenzoate (8). Compound 7 (830 mg, 2.17 mmol) in 
dichloromethane was cooled in an ice/acetone bath, carbon 
tetrabromide (864 mg, 2.60 mmol) was added, followed by 
triphenylphosphine (626 mg, 2.39 mmol). and the reaction 
mixture was warmed to 0 **C over 1 h. The cold bath was then 
removed, and stirring was continued for 2 h. The reaction 
mixture was concentrated in vacuo and purified by chroma- 
tography on silica gel (5% ethyl acetate-hexanes) to give the 
bromide (1.1 g) which also contained some triphenylphosphine. 
This material was used directly. To a solution of benzyltri- 
ethylammonium bromide (1.18 g, 4.34 mmol) in 10 mL of CH2- 
CI2 was added 3-hydroxypyridine potassium salt (586 mg. 4.34 
mmol), and the mixture was stirred for 15 min. A solution of 
the above bromide (960 mg, 2.17 mmol) in 4 mL of CH2CI2 
was added, and the reaction mixture was stirred overnight. 
The reaction mixture was washed with water, dried, filtered, 
and concentrated in vacuo. Chromatography on silica gel (35% 
ethyl acetate-hexanes) gave compound 8 (480 mg. 49%). 'H 
NMR (CDCI3): d 8.45 (s, IH). 8.39 (bs, IH). 8.28 (m; IH), 7.39 
(s. IH). 7.15-7.31 (m, 3H). 7.03 (d, IH), 5.14 (s. 2H). 3.63 (s, 
3H). 2.02 (s. 3H). MS (CI/NH3): 460 (MH)^ 

General Procedures for Conversion of Iodide 8 to 
Aryl- or Alkylbiphenyl. Procedure A: Arylboronic Acids. 
4-(3-Pyridyloxyniethyl)-5-(4-methylphenyI)-2-(2-meth- 
ylphenyObenzoylmethionine (9). To a solution of tetrakis- 
(triphenylphosphine)palladium(O) (2 mg) in toluene (1 mL) was 
added a solution of 8 (100 mg. 0.22 mmol) in toluene (3 mL). 
The mixture was stirred for 10 min; then a solution of 
4-methylphenylboronic acid (33 mg, 0.24 mmol) in ethanol (2 
mL) and aqueous 2 M sodium carbonate were added. The 
reaction mixture was stirred overnight at reflux, additional 
catalyst (20 mg). boronic acid (20 mg). and base (0.5 mL) were 
added, and reflux was continued for 4 h. The reaction mixture 
was cooled to ambient temperature, diluted with ether, washed 
with water and brine, dried over sodium carbonate, filtered, 
and concentrated in vacuo. Chromatography on silica gel (30% 
ethyl acetate-hexanes) gave the p-tolyl analogue (98 mg). 
Hydrolysis, methionine methyl ester coupling, and methyl 
ester hydrolysis were carried out as previously described. *H 
NMR (CDCI3): d 8.31 (d. IH). 8.19 (d. IH). 7.90 (d. IH). 7,42 
(s. IH), 7.40-7.20 (m, 10 H). 6.07 (d. IH). 5.08 (m. 2H). 4.62 
(m, IH). 2.40 (s, 3H). 2.25-2.10 (m, 5H). 2.02 (s. 3H). 2.00- 
1.55 (m. 2H). MS (CI/NH3): 541 (M + H)+. Anal. (C29H34N204S' 
O.5OH2O) C. H. N. 

4-(3-Pyridyloxymethyl)-5-{3.5-dichlorophenyl)-2-(2-me- 
thylphenyl)benzoylmethionine (10). The side chain was 
attached using procedure A and commercial 3,5-dichlorophe- 
nylboronic acid. Hydrolysis, methionine methyl ester coupling, 
and methyl ester hydrolysis were carried out as previously 
described. »H NMR (CDCI3): d 8.37 (d. IH). 8.21 (d. IH), 7.85 
(d. IH). 7.44 (s, IH), 7.40-7.20 (m. 9H), 6.08 (d. IH). 5.03 (s. 
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2H), 4.62 (m. IH), 2.25-2.05 (m, 5H), 2.02 (s, 3H). 1.95 (m, 
IH) 1.64 (m. IH). MS (CI/NH3): 595 (M + H)+. Anal. (C31H28. 
CI2N2O4S-0.20H2O) C. H. N. 

4-(3-Pyridyloxymethyl)-5-(2-thienyl)-2-(2-methylphe- 
nyl)benzoylmethionine (11). The side chain was attached 
using procedure A and commercial 2-thienylboronic acid. 
Hydrolysis, methionine methyl ester coupling, and methyl 
ester hydrolysis were carried out as previously described. *H 
NMR (CDCI3): b 8.38 (d. IH). 8.20 (dd. IH), 8.03 (s, IH). 7.43 
(s, IH), 7.39 (dd, IH). 7.38-7.20 (m. 6H), 7.15 (dd, IH), 7.08 
(m, IH), 6.07 (d. IH). 5.10 (m. 2H). 4.61 (m, IH), 2.20-2.05 
(m, 5H). 2.02 (s. 3H). 1.93 (m. IH) 1.62 (m. IH). MS (CI/NH3): 
533 (MH+). Anal. (C29H27LiN2O4S2-0.45H2O) C. H. N. 

Procedure B: Commercial Alkylboranes. 7V-2-(2-Me- 
thylphenyl)-4-(3-pyridyloxymethyl)-5-butylbenzoylme- 
thionine (12). Tributylborane (0.10 mL, 0.41 mmol) was 
added to 2 mL of degassed DMF followed by the sequential 
addition of 150 mg (0.33 mmol) of iodide 8, 8 mg (0.01 mmol) 
of ChPdDPPF. and 212 mg (1.0 mmol) of K2CO3. The mixture 
was placed in an oil bath preheated to 65 "C and stirred at 
that temperature for 3 h. The mixture was poured into water 
and extracted with 2 portions of ethyl acetate. The combined 
aqueous layers were rinsed with water and brine, dried over 
Na2S04. filtered, and concentrated to give the crude product, 
which was used directly. Hydrolysis, methionine methyl ester 
coupling, and methyl ester hydrolysis were carried out as 
previously described. »H NMR (DMSO-cfe): 6 8.35 (d. 1H).8.18 
(dd. IH). 8.09 (dd. IH). 7.47 (m. IH), 7.37 (s, IH). 7.35 (dd. 
IH). 7.26 (s, IH), 7.19 (m. 2H). 7.11 (m. 2H). 5.26 (s. 2H). 4.2 
(m. IH), 2.73 (dd, 2H), 1.98-2.21 (m. 5H), 1.96 (s, 3H), 1.77- 
1.90 (m. 4H), 1.40 (sextet, 2H), 0.93 (t, 3H). MS (CI/NH3): 507 
(MH+). Anal. (C29H34N2O4S-0.50H2O) C, H, N. 

A^2-(2-Methylphenyl)-4-(3-pyridyloxymethyl)-5-ethyl- 
benzoylmethionine (13). The side chain was attached using 
procedure B and commercial triethylborane. Hydrolysis, me- 
thionine methyl ester coupling, and methyl ester hydrolysis 
were carried out as previously described. *H NMR (DMSO- 
£3fe): b 8.38 (d, IH), 8.18 (d. IH). 7.93 (m, IH), 7.51 (m, IH). 
7.40 (s. IH). 7.35 (m, IH). 7.28 (bs. IH). 7.20 (m. 2H). 7,13 (m. 
2H). 5.27 (s. 2H). 4.12 (m, IH). 2.78 (q, 2H). 2.20-2.00 (m, 
5H), 1.96 (s. 3H), 1.90-1.60 (m. 2H), 1.26 (t, 3H). MS 
(CI/NH3): 479 (MH-^). Anal. (C27H3oN204S'1.00H20) C. H. N. 

7V-2-(2-Methylphenyl)-4-(3-pyrldyloxyinethyl)-5-pen- 
tylbenzoylmethionine (15). The side chain was attached 
using procedure B and tripentylborane (prepared in situ by 
the hydroboration of 1-pentene with BHs-THF). Hydrolysis, 
methionine methyl ester coupling, and methyl ester hydrolysis 
were carried out as previously described. *H NMR (DMSO- 
dfe): b 8,37 (d. IH), 8.18 (dd. IH). 8.09 (dd. IH). 7.48 (m. IH), 
7.36 (s, IH). 7,34 (m, IH). 7.26 (bs, IH). 7.19 (m. 2H). 7.13 (m, 
2H), 5.26 (s. 2H), 4.21 (m. IH). 2,73 (m. 2H), 2.20-2.00 (m. 
5H). 1.96 (s. 3H). 1.90-1.60 (m, 4H). 1.36 (m, 4H). 0.86 (t. 3H), 
MS (CI/NH3): 521 (MH^). Anal. (C30H36N2O4S) C. H. N. 

4-(3-Pyridyloxymethyl)-5-phenylmethyl-2-(2-methylphe- 
nyl)benzoylmethionine (16). The side chain was attached 
using procedure B and commercial 9-methoxy-9-BBN. Hy- 
drolysis, methionine methyl ester coupling, and methyl ester 
hydrolysis were carried out as previously described. 'H NMR 
(CDCI3): b 8.27 (d, IH). 8.19 (dd. IH), 7.88 (s. IH). 7,40-7.00 
(m, 12H). 6.00 (d. IH), 5.08 (d, IH). 5.01 (d, IH), 4.62 (m, IH). 
4.15 (s, 2H), 2.20-2.05 (m. 5H), 2.02 (s. 3H). 1.92 (m, IH) 1,60 
(m. IH). MS (CI/NH3): 541 (MH+). Anal. (C32H32N204S- 
O.25H2O) C. H. N. 

Procedure C: Synthetic Alkylboranes. 7V-2-(2-Meth- 
ylphenyl)-4-(3-pyridyloxymethyl)-5-isobutylbenzoylme- 
thionine (14). To a solution of f-butyllithium (0.75 mL of a 
1.7 M solution in pentane, 1.28 mmol) in 1 mL of dry ether at 
-78 "C was added a solution of 74 /^L (0.64 mmol) of isobutyl 
iodide in 1 mL of ether. After stirring for 30 min at -78 "C, 
9-methoxy-9-BBN (0.66 mL of a 1.0 M solution in hexanes. 
0.66 mmol) was added, and the mixture was warmed to 0 "C 
for 30 min and then allowed to reach room temperature. The 
mixture was treated with 218 mg (0.53 mmol) of iodide 8 in 4 
mL of degassed DMF followed by 13 mg (0.02 mmol) of CI2- 
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PdDPPF and 338 mg (1,59 mmol) of anhydrous K3PO4. The 
solution was heated to 65 'C at first under a N2 stream (to 
remove the volatile organics) and then for 2 h additional. After 
cooling to room temperature, the mixture was poured into 
water and extracted with 3 portions of ethyl acetate. The 
combined organic extracts were washed water and brine, dried 
over Na2S04. filtered, and concentrated. The residue was 
purified by column chromatography (18 g SiOz. 30% ethyl 
acetate/hexanes) to provide the isobutyl derivative. Hydrolysis, 
methionine methyl ester coupling, and methyl ester hydrolysis 
were carried out as previously described. *H NMR (DMSO- 
ck): 6 8.35 (d, IH), 8.18 (dd, IH), 8.06 (dd, IH). 7.49 (dq, IH), 
7.35 (s, IH). 7.33 (dd. IH). 7.27 (s, IH), 7.18 (m. 2H), 7.03 (m, 
2H). 5.25 (s, IH), 4.22 (m. IH), 2.63 (dd, 2H). 2.12 (heptet, 
IH). 2.03 (m. 4H). 1.96 (s, 3H), 1.64-1.90 (m, 3H), 0.96 (d. 
6H). MS (CI/NH3): 507, 489, 221, 204. Anal. (C29H34N204S- 
O.5OH2O) C, H. N. 

A^2-{2-MethyIphenyl)-4-(3-pyridylojryinethyl)-5-phen- 
ethylbenzoylmethionine (17). The side chain was attached 
using procedure C and commercial phenethyl bromide. Hy- 
drolysis, methionine methyl ester coupling, and methyl ester 
hydrolysis were carried out as previously described. *H NMR 
(CDCI3): 6 8.47 (m, IH), 8.26 (d. IH). 8.13 (dd, IH), 7.65 (dd, 
IH). 7,50 (s. IH). 7.48 (m. IH). 7.40-7.25 (m. 4H). 7.25-7.00 
(m. 6H). 5.30 (s. 2H). 4.22 (m. IH), 2.99 (m. 4H). 2.25-2.00 
(m. 5H). 1.97 (s. 3H). 1.95-1.60 (m, 2H). MS (CI/NH3): 555 
(MH+). Anal. (C33H34N2O4S-1.00TFA) C, H, N. 

A^2-(2-Methylphenyl)-4-(3-pyridyloxymethyl)-5-cyclo- 
hexylmethylbenzoylmethionine (18). The side chain was 
attached using procedure C and commercial bromomethylcy- 
clohexane. Hydrolysis, methionine methyl ester coupling, and 
methyl ester hydrolysis were carried out as previously de- 
scribed. »H NMR (CDCI3): 6 12.60 (bs. IH), 8.40-8.20 (m, IH), 
8.20-8.10 (m, 2H), 7.52 (m. IH). 7.40-7.25 (m. 4H), 7.20 (m, 
2H), 7.14 (m, 2H), 5.23 (s. 2H), 4.21 (m, IH). 2.62 (m. IH). 
2.20-2.00 (m, 5H), 1.96 (s, 3H). 1.90-1.50 (m. 3H). 1.30-0.90 
(m, 5H). MS (CI/NH3): 547 (MH"^). Anal. (C32H38N2O4S-0.35CH3- 
CN) C, H, N. 

^-Benzoyl-3-aminopyridine. A solution of 3-aminopyri- 
dine (0.94 g. 10.00 mmol) and AAmethylmorpholine (1.32 mL, 
12.00 mmol) in 10 mL of CH2CI2 was cooled in an ice/acetone 
bath and treated dropwlse with benzoyl chloride (1.20 mL, 
11,00 mmol). The mixture was stirred for 6 h during which 
time the cold bath melted. The solution was diluted with 50 
mL of ethyl ether and extracted with water. 2 M aqueous Na2- 
CO3. water, and brine. The organic phase was dried over Naz- 
SO4, filtered, and concentrated. The residue was purified by 
column chromatography (3:1 ethyl acetate/hexanes) to give 
1.52 g (77%) of Mbenzoyl-3-aminopyridlne. >H NMR (CDCI3): 
d 8,70 (d, IH). 8.37 (m. 2H). 8.28 (m. IH), 7.90 (m. 2H), 7.57 
(m, IH). 7.49 (m. 2H). 7.34 (dd. IH). MS (CI/NH3): 199 (MH)+. 

General Procedure for the Formation of Tertiary 
Amines and Amides. Procedure D: 7V-[4-(A^-Benzoyl-Ar- 
pyrid-3-ylamlnomethyl)-2-(2-methylphenyl)benzoyl]me- 
thionine (23). A solution of methyl 2-(2-methylphenyl)-4- 
bromomethylbenzoate (175 mg, 0.55 mmol) in 1 mL of dry 
DMF was cooled in an ice bath and treated with NaH (26 mg 
of a 60% mineral oil dispersion. 0.66 mmol) followed by a 
solution of AAbenzoyl-3-aminopyridine (1 19 mg. 0.60 mmol) in 
1 mL of dry DMF. The mixture was stirred for 3 h and 
quenched by the addition of water. The suspension was poured 
into water and extracted with 3 portions of ethyl acetate. The 
combined organic extracts were washed with water and brine, 
dried over Na2S04. filtered, and concentrated. The residue was 
purified by column chromatography (1:1 ethyl acetate/hexanes) 
to give the alkylated product. Hydrolysis, methionine methyl 
ester coupling, and methyl ester hydrolysis were carried out 
as previously described. *H NMR (DMSO-c*): 6 12.54 (bs. IH), 
8.24 (dd. IH). 8.13 (m. 2H), 7.61 (m. IH). 7.43 (m. 2H). 7.29 
(m, 6H), 7.00-7.21 (m. 5H). 5.21 (s, 2H), 4.18 (m, IH). 1.97- 
2.22 (m, 2H), 1.94 (s, 6H). 1.63-1.88 (m, 2H). MS (CI/NH3): 
554 (MH+). Anal. (C32H3iN3O4S-0,50H2O) C. H. N. 

A^-[4-(7V-Phenylacetyl-7V-pyrid-3-ylaminomethyl)-2-(2- 
methylphenyl)benzoyl]methionine (24). Prepared using 



procedure D and phenylacetyl chloride. 'H NMR (DMSO-cfe): 
d 8.49 (d. IH). 8.30 (d. IH). 8.09 (d. IH), 7.61 (dt. IH). 7.42 
(m. 2H), 7.24 (dd. IH), 6.91-7.23 (m. lOH). 4.91 (bs, 2H). 4.19 
(m. IH). 3.50 (bs. 2H), 1.98-2,22 (m. 2H). 1.96 (bs. 6H). 1.62- 
1.88 (m. 2H). MS (CI/NH3): 568 (MH*^). Anal. (C33H33N3O4S) 
C, H, N. 

Ar-[4-(Ar-PhenylsulfonyI-7V-pyrid-3-ylaminomethyl)-2- 
(2-methylphenyl)benzoyl] methionine (25). Prepared using 
procedure D and />toluenesulfonyl chloride. *H NMR (DMSO- 
ofe): 6 8.42 (d. IH), 8.30 (s, IH). 8.12 (d, IH), 7.76 (m. IH) 
7.60-7.73 (m. 4H). 7.53 (m, IH), 7.38 (m, 3H), 7.19 (m, 2H). 
6.90-7.15 (m. 3H). 4.91 (s, 2H). 4.17 (m, IH). 1.93-2.20 (m. 
3H), 1,92 (s. 3H), 1.61-1.90 (m. 6H). MS (CI/NH3): 590 (MH+). 
Anal. (C3iH3,N3O5S2-0.31H2O) C. H. N. 

General Procedure E: Preparation of 7V-Alkylamino 
Heterocycles. ^-Benzyl-3-aminopyridine. A mixture of 
94.12 g (1,00 mol) of 3-aminopyridine and 102 mL (1.00 mol) 
of benzaldehyde in 300 mL of toluene were heated to reflux. 
A Dean-Stark trap was used to collect the water removed by 
the azeotrope. When the theoretical amount of water was 
collected (^-3 h) the mixture was cooled to room temperature 
and concentrated in vacuo to remove the toluene. The residue 
was dissolved in 300 mL of ethanol and added dropwise to a 
solution of 55.70 g (1.50 mol) of NaBH4 in ethanol at 0 "C. 
The ice bath was removed, and the thick solution was stirred 
for 2 h at ambient temperature and 6 h at reflux. The mixture 
was cooled to 50 and treated with 1 L of 4 N aqueous NaOH 
such that the temperature was maintained between 50 and 
60 "C, and stirring was continued overnight. The cooled 
mixture was extracted with 3 portions of ethyl acetate, and 
the combined organic extracts were washed with 2 portions 
of water and 2 portions of brine, dried over NazSO^. filtered, 
and concentrated to a volume of ^^500 mL, This concentrate 
was heated to obtain a solution, filtered hot, and allowed to 
slowly cool to room temperature. The solid was collected by 
filtration, the mother liquor was concentrated to approximately 
250 mL. and the same procedure was repeated. The totsJ 
amount of crystalline material collected was 138.90 g (75%). 
»H NMR (CDCI3): d 8.09 (d. IH), 7.97 (dd. IH). 7.28-7.44 (m. 
5H). 7.06 (dd. IH). 6.98 (ddd. IH). 4.35 (d, 2H). 4.16 (bs. IH). 
MS (CI/NH3): 185 (MH+), 

Methyl 4-(7V-Benzyl-7V-3-pyridylaminomethyl)-2-(2-me- 
thylphenyl)benzoate. A solution of />BuLl (49.8 mL of a 1.6 
M solution in hexanes, 79.7 mmol) in 50 mL of dry THF was 
cooled to -30 'C and treated dropwise with a solution of 15.0 
g (81,7 mmol) of 7V-benzyl-3-aminopyridine in 20 mL of dry 
THF. The mixture was stirred at this temperature for 30 min. 
and then methyl 4-bromomethyl-2-(2-methylphenyl) benzoate^^ 
(13.0 g. 40.9 mmol) in 30 mL of dry THF was added dropwise. 
The temperature was raised to -10 "C. stirred for 2 h, and 
quenched with water. The solvent was removed in vacuo and 
the residue partitioned into ether. The ether layer was dried 
over Na2S04, filtered, and concentrated. The residue was 
purified by column chromatography (50% ethyl acetate/hex- 
anes) to give 13.5 g (78%) of the desired compound. 'H NMR 
(CDCI3): 6 8.17 (d, IH). 7.97 (dd, IH), 7.94 (d. IH). 7.14-7,38 
(m. lOH), 6.90-7.13 (m, 4H). 4.72 (s. 2H), 4.68 (s, 2H). 3.62 
(s. 3H). 2.02 (s. 3H). MS (CI/NH3): 423 (MH+). 

4-(A^Benzyl-7V^3-pyridylaminomethyl)-2-(2-methylphe- 
nyl)benzoylmethionine (26). The ester obtained above was 
converted to the final product as previously described. *H NMR 
(DMSO-f/s): & 8.18 (d, IH). 8.03 (bs, IH). 7.82 (bs, IH). 7,48 
(d, IH), 7.30 (m. 6H), 7,19 (m, 2H), 7,10 (m, 4H). 4.84 (s. 2H), 
4.79 (s. 2H). 1.96-2.23 (m. 5H). 1.96 (s, 3H). 1.63-1.89 (m. 
2H). MS (CI/NH3): 540 (MH-^). Anal. (C32H33N3O3S) C. H. N. 

4-(W-Cyclohexylmethyl-7V-3-pyridylaminomethyl)-2-(2- 
methylphenyl)benzoylmethionine (27). Prepared by the 
same sequence as compound 26 substituting cyclohexanecar- 
boxaldehyde for benzaldehyde. ^H NMR (DMSO-dg): d 8.18 
(d. IH). 7.79 (d, IH). 7.44 (d, IH), 7.25 (d. IH). 7.03-7.19 (m. 
6H). 6.97 (s, IH), 4.71 (s, 2H). 4.19 (ddd. IH). 2.14 (m. IH). 
1.96-2.10 (m. 4H), 1.95 (s, 3H). 1.57-1.89 (m. 8H), 1.17 (m. 
3H). 1.01 (m. 2H). MS (ESI+): 546 (MH+): (ESI-): 544 (M - 
H). Anal. (C32H39N3O3S-0.99H2O) C. H. N, 
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4-(A^-Benzyl-7V-3-pyrazinylaininoinethyl)-2-(2-meth- 
ylphenyObenzoylmethionine (28). Prepared by the same 
sequence as compound 26 substituting aminopyrazine for 
3-aminopyridine. >H NMR (DMSO-cfe): d 1.46-2.09 (comp. 
lOH). 3.59-3.70 (br. IH). 4.83-4.95 (comp. 4H), 6.90-6.95 (br. 
IH). 7.00 (s. IH). 7.04-7.34 (comp. lOH). 7.49 (d. IH). 7.80 
(d, IH). 8.04-8.05 (m. IH). 8.07-8.10 (m. IH). HI^S (ESIH-) 
calcd for the protonated acid C31H32N4O3S. 541.2273; obsd, 
541.2268. Anal. (C3,H3,LiN4O3S'1.40H2O-0.25CH3CN) C. H. 
N. 

4-(A^Benzyl-yVphenylainlnomethyl)-2-(2-methylphenyl)- 
benzoylmethionine (29). Prepared by the same sequence as 
compound 26 substituting aniline for 3-aminopyridine. *H 
NMR (MeOH-d,): 6 1.55-1.69 (m. IH). 1.73-2.14 (comp. 9H). 
4.16-4.28 (br. IH), 4.65 (s, 2H), 4.70 (s, 2H). 6.59-6.66 (m, 
IH). 6.73 (d. 2H). 7.03-7.13 (comp. 3H). 7.15-7.28 (comp. 8H). 
7.34 (dd. IH). 7.62 (d. IH). MS (CI/NH3): 539 (MH+). Anal. 
(C33H33LiN2O3S-1.0LiOH-0.85H2O) C. H. N. 

4-(A^-3,5-Difluorobenzyl-yV-phenylaminomethyl)-2-(2- 
methylphenyl)benzoylniethionine (30). Prepared by the 
same sequence as compound 26 substituting aniline for 
3-aminopyridine and 3,5-dlfluorobenzaldehyde for benzalde- 
hyde. 'H NMR (MeOH-d,): d 1,1-1. % (m. IH). 7.3-7.4 (d. IH). 
7.0-7,3 (m. 7H). 6,8-6.9 (m. 3H). 6.6-6.8 (m. 4H). 4.88 (s, 
2H). 4.85 (s. 2H). 4.1-4.22 (m. IH). 1.7-2.1 (m. lOH). MS 
(ESI-): 573 (M - Li). Anal. (C33H3iF2N2O3SLi-1.70H2O) C. 
H. N. 

4-(W-3.5-Difluorobenzyl--/V-3-pyridylaniinomethyl)-2- 
(2-methylphenyl)benzoylmethionine (31). Prepared by the 
same sequence as compound 26 substituting 3.5-dinuoroben- 
zaldehyde for benzaldehyde. 'H NMR (DMSO-c^): d 1.48-1.76 
(comp. 2H). 1.85-2.05 (comp. 8H). 3.62-3.74 (br. IH). 4.80 
(s. 2H). 4.86 (s. 2H). 6.92-7.23 (comp. 1 IH). 7.33 (dd, IH), 7.52 
(d. IH). 7.84 (dd. IH). 8.03 (d. IH), MS (CI/NH3): 576 (MH"^). 
Anal. (C32H3oLiF2N303S-2.15H20) C. H. N. 

7V^Benzyl-2-aininomethylthiazole. Prepared by the same 
method as yV-benzyl-3-aminopyridine using benzylamine and 
2-thiazoIecarboxaldehyde. »H NMR (CDCI3): d 1.14 (d. IH). 
7.29-7.40 (m. 3H). 7.13-7.18 (m. 3H). 4,16 (s. 2H), 3.88 (s. 
2H). 1,93 (bs. IH). MS (CI/NH3): 205 (MH+). 

Methyl 4-(A^-Ben2yl-At2-amlnomethylthiazolylmethyl)- 
2-(2-methylphenyl)benzoate. A solution of 373 mg (1.0 
mmol) of methyl 4-bromomethyl-2-(2-methylphenyl)benzoate. 
225 mg (1.1 mmol) of yV-benzyl-2-aminomethylthiazole, and 
0.21 mL (1,2 mmol) of N.A^-diisopropylethylamine in 2 mL of 
CH3CN was heated to reflux for 4 h. The mbcture was poured 
into water and extracted with 3 portions of ethyl acetate. The 
combined organic extracts were washed with 2 portions of 
water, and 1 portion of brine, dried (Na2S04), filtered, and 
concentrated. The residue was purified by column chromatog- 
raphy (25% ethyl acetate/hexanes) to give 279 mg of the 
desired product. »H NMR (CDCI3): d 7.94 (d, IH), 7.69 (d, IH). 
7.55 (dd. IH). 7.41 (m. 2H). 7.17-7.38 (m. 8H). 7.06 (d. IH). 
3,94 (s. 2H). 3.72 (d. 2H). 3.68 (d. 2H). 3.60 (s. 3H). 2.03 (s, 
3H). MS (CI/NH3): 443 (MH+). 

iV-[4-(Ar-Benzyl-yV-thiazol-2-yImethylamlnomethyl)-2- 
{2-methylphenyl)benzoyl]methionine (34). The ester ob- 
tained above was converted to the final product as previously 
described. »H NMR (DMSO-cfe): 6 8.09. (d. IH). 7.72 (d. IH). 
7,66 (d. IH), 7.50 (m, 2H). 7.38 (m. 4H). 7.23 (m. 4H). 7.14 (m, 
2H). 4.20 (ddd, IH), 3.89 (s. 2H). 3.70 (s, 2H). 3.68 (s. 2H). 
2.09 (m. 4H). 1.96 (s, 3H). 1.63-1.90 (m. 2H). MS (CI/NH3): 
560 (MH+). Anal. (C3iH33N3O3S2-0.32H2O) C. H. N. 

TV- [4- (MBenzyl-7V- thiazol-4-y Imethy laminome thyl)-2- 
(2-methylphenyl)benzoyl]methionine (35). Prepared by 
the same sequence as compound 34 substituting 4-thiazole- 
carboxaldehyde for 2-thiazolecarboxaldehyde. »H NMR (DMSO- 
afe): d 9.08 (d. IH). 8.13 (d. IH). 7.58 (d. IH), 7.49 (s. 2H) 7.40 
(d. 2H) 7,31 (t. 2H), 7.22 (m. 4H) 7,11 (m. 2H), 4.21 (m. IH). 
3.77 (s. 2H). 3.67 (s. 2H). 3.62 (s. 2H). 1.98-2.23 (m. 5H), 1.97 
(s, 3H). 1.63-1.90 (m. 2H). MS (ESI-): 558 (M - H). Anal. 
(C3iH33N3O3S2-0.49H2O) C, H. N. 

Ar-I4-(Ar-Benzyl-7V-thiazol-5-ylmethylaminomethyl)-2- 
(2-methylphenyl)benzoyl]methionine (36). Prepared by 



the same sequence as compound 34 substituting 5-thiazole- 
carboxaldehyde for 2-thiazolecarboxaldehyde, »H NMR PMSO- 
de): 6 12,4 (bs. IH). 9.03 (s. IH), 8.12 (d. IH). 7.79 (s. IH), 
7.48 (dd. 2H). 7.35 (m, 4H). 7.04-7.28 (m. 6H). 4.21 (ddd, IH). 

3.81 (s. 2H). 3.61 (s, 2H), 3.58 (s. IH). 1.98-2.21 (m. 5H). 1.96 
(s. 3H). 1.61-1.89 (m. 2H). MS (CI/NH3): 560 (MH+). Anal. 
(C3iH33N3O3S2-0.78H2O) C. H. N. 

4-(7V-3,5-Difluorobenzyl-7V-5-thizizolylmethylaminom- 
ethyl)-2-(2-inethylphenyl)ben2oylmethionine (37). Pre- 
pared by the same sequence as compound 34 substituting 
5-thiazolecarboxaldehyde for 2-thiazolecarboxaldehyde and 
3,5-difiuorobenzylamine for benzylamine. *H NMR (MeOH- 
d4): d 8.95 (s. IH). 7.78 (s. IH). 7,6-7.7 (m. IH). 7.4-7.5 (m. 
IH). 7.05-7.30 (m. 5H). 6.95-7.05 (m. 2H). 6.85-6.95 (m. IH), 
4,95 (s. 2H), 4.1-4.22 (m. IH). 3.9 (s. 2H). 4.7 (m. 2H). 4.6 (s. 
2H). 2.25 (s, 2H), 1.6-2,1 (m, 8H), MS (ESI-): 594 (M - LI). 
Anal. (C3iH3iF2N3O3S2-0.41H2O) C. H. N. 

3- Fluoro-5-aminopyridine (39). A suspension of 423 mg 
(3,0 mmol) of 5-fluoronicotlnic acid (38) in 10 mL of CICH2- 
CH2CI was added 0,36 mL (3.3 mmol) of NMM. After stirring 
for 10 min, 0.71 mL (3.3 mmol) of DPPA was added dropwise 
and stirring continued for 30 min. The mixture was then slowly 
heated to 75 *C, wherein gas bubbles began to evolve. The 
temperature was maintained at 75 °C for 1 h. then 0.46 mL 
(4.5 mmol) of benzyl alcohol and '^10 mg of CuCl were added, 
and the mixture was heated to reflux for 3 h. After cooling to 
room temperature, the mixture was concentrated in vacuo and 
the residue purified by column chromatography (40% ethyl 
acetate/hexanes) to give 415 mg (56%) of 3-fluoro-5-benzyloxy- 
carbonylaminopyridine. >H NMR (CDCI3): 6 8,21 (s, IH). 8.18 
(d, IH). 7.98 (dd, IH). 7.31-7.43 (m. 5H). 7.05 (bs. IH). 5.22 
(s. 2H). MS (CI/NH3): 247 (MH+). The benzyloxycarbonyl 
derivative (408 mg. 1.66 mmol) was dissolved in 10 mL of 
MeOH. and the solution was degassed by a vacuum/Na purge 
sequence. To the solution were added 50 mg of 10% Pd/C and 
522 mg of ammonium formate, and the mixture was heated 
to reflux for 1.5 h before cooling to room temperature. The 
mixture was diluted with 40 mL of ethyl acetate and filtered 
through a 1 In. by 2 in. pad of Si02. which was washed well 
with ethyl acetate. The filtrate was concentrated to give 181 
mg (97%) of aminopyridine 39. »H NMR (CDCI3): 6 7.93 (t. 
IH), 7.89 (d, IH). 6.71 (dt, IH). MS (CI/NH3): 113 (MH+). 

4- (A^-Benzyl-Ar-5-fluoro-3-pyridylaininomethyl)-2-(2- 
methylphenyObenzoylmethionine (40). Prepared by the 
same sequence as compound 26 substituting 5-fluoro-3-ami- 
nopyridine for 3-aminopyridine. >H NMR (DMSO-<^): 6 8.12 
(d. IH). 7.91 (t. IH). 7.75 (d. IH). 7.47 (d. IH), 7.21-7.38 (m, 
6H). 7.19 (m, 2H). 7.10 (m. 3H). 6.92 (dt, IH), 4.86 (s. 2H). 

4.82 (s. 2H). 4.21 (m, IH). 1.96-2.22 (m. 5H), 1.95 (s, 3H). 
1.74-1.89 (m. 2H). MS (CI/NH3): 558 (MH+). Anal. (C32H32- 
FN3O3S-0.46H2O) C. H. N. 

7>ABenzyl-5-aminopyrimidine (42). A heterogeneous mix- 
ture of 5-bromopyrimidine (41) (1.62 g. 10.0 mmol). benzyl- 
amine (6.49 g. 60.0 mmol), potassium carbonate (1.66 g, 12.0 
mmol), and CuO (40.0 mg. 0.500 mmol) was heated to reflux 
for 18 h. Vacuum filtration was followed by concentration of 
the filtrate. Flash column chromatography elutlng with 30:70 
hexane/ethyl acetate afforded 1 .40 g of the title compound (76% 
yield). iH NMR (CDCI3): d 4.22-4.33 (br. IH), 4.36 (d. 2H), 
7,27-7.41 (comp. 5H), 8.13 (s, 2H). 8.59 (s. IH). MS (CI/NH3): 
186 (MH+), 

4- (TV-Benzyl- A^^pyrimid-5-ylaminoinethyl)-2-(2-ineth- 
ylphenyObenzoylmethionine (43). Compound 42 was con- 
verted to the title compound in 24% overall yield by the same 
protocol as for 28. >H NMR (DMSO-cfe): d 1.48-1.74 (br comp. 
2H). 1,86-2.08 (br comp. 8H). 3.62-3.74 (br. IH). 4.83 (s. 2H), 
4.89 (s. 2H). 6.92-7.03 (br. IH), 7.04-7.38 (comp. IIH), 7.52 
(d, IH), 8.22 (s, 2H). 8.42 (s. IH). HRMS (FAB+) calcd for 
C31H32N4O3S. 541.2273; obsd, 541.2254. Anal. (C3iH3iLiN403S- 
I.75H2O) C. H. N. 

In Vitro Enzyme Assays. In vitro IC50 data were deter- 
mined against FTase and GGTasel (purified from bovine 
brain) using the SPA assay (scintillation proximity assay; 
Amersham. Arlington Heights. IL). The substrates used were 
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[3H]famesyl pyrophosphate and a biotin-linked k-Ras{B) de- 
capeptide (KKSKTKCVIM for FTase or CVLL decapeptide for 
GGTasel). The radioactivity captured by the SPA beads were 
counted by a Packard Topcount, and data were stored and 
analyzed in an Oracle-based database. 

Cellular Assays for Inhibition of Ha-Ras Processing. 
Subconfluent NIH3T3 ra^transformed cells were used for the 
Ras processing assay. Briefly, cells were dosed with various 
compounds, and ly sates were prepared. They were boiled for 
5 min in the Laemmli sample buffer, and proteins were 
resolved on a 15% Tris-Gly gel (Bio-Rad, Richmond, CA). 
Proteins were then transferred to nitrocellulose membranes. 
The blots were probed with antibody Yl 3-238 to Ras purified 
from hybridoma. Ras bands were visualized by ECL technique 
(ECL kit, Amersham. Arlington Heights, IL). and signals were 
quantified by densitometry using an image analysis program 
Image-Pro Plus (Media Cybernetics, Silver Spring, MD). 

Acknowledgment. We thank Prof. A. D. Hamilton 
(Yale University) for fruitful discussions during the 
course of this research. In addition, v^^e thank Mr. 
William Arnold for the large-scale preparation of several 
key intermediates. 



References 

(1) Barbacid. M. Ras Genes. Annu. Rev. Biocttem. 1987, 56, 779. 

(2) Cox, A. D.; Der, C. J. Famesyltransferase inhibitors and cancer 
treatment: targeting simply Ras? Biocbim. Bioptiys. Acta 1997, 

F51-71. 

(3) Kiaris, H.: Spandidos. D. A. Mutations of ras Genes in Human 
Tumors (Review). Int. J. Oncol 1995, 7, 413-421. 

(4) Bos, J. L. ras Oncogenes in Human Cancer: A Review. Cancer 
Res. 1989, 49, 4682-4689. 

(5) Gibbs, J. B.; Oliff, A.: Kohl, N. E. Famesyltransferase Inhibi- 
tors: Ras Research Yields a Potential Cancer Chemotherapeutic. 
Ce//1994, 77, 175. 

(6) Gibbs, J. B.: Oliff, A. The Potential of Famesyltransferase 
Inhibitors as Cancer Chemotherapeutlcs. Annu. Rev. Pharmacol. 
Toxicol. 1997. 37, 143-166. 

(7) Singh. S. B.: Lingham. R. B. Famesyl-Protein Transferase 
Inhibitors in Early Development. Exp. Opin. Invest. Drugs 1996. 
5. 1589-1599. 

(8) Casey. P. J.; Solski, P. A.: Der. C. I.: Buss. J. E. p21 Ras is 
Modined by a Famesyl Isoprenoid. Proc, Natl Acad. Scl U.S.A. 
1989, 86, 8223. 

(9) Cox. A. D.: Der, C. J. Protein prenylation: more than just glue? 
Curr Opin. Cell Biol 1992, 4, 1008-1016. 

(10) Hancock. J. F,; Magee, A. I.: Childs, J. E,; Marshall, C. J. All 
ras proteins are polyisoprenylated but only some are palmitoyl- 
ated. Ceyyi989, 57, 1167-1177. 

(1 1) Newman. C. M.; Magee, A. I. Posttranslational processing of the 
ras superfamily of small GTP-binding proteins. Biochim. Bio- 
pfiys. Acta 1993, 1155, 79-96. 

(12) Schafer. W. R.: Rine, J. Protein prenylation: genes, enzymes, 
targets, and functions. Annu. Rev. Genet. 1992. 26, 209-237. 

(13) deSolms, S. J.; Deana, A. A.; Giuliani. E. A.; Graham. S. L.: Kohl. 
N. E.: Mosser, S. D.; Oliff. A. I.: Pompliano, D. L.; Rands. E.: 
Scholtz, T. H.; Wiggins, J. M.; Gibbs. J. B.: Smith. R. L. 
Pseudopeptlde Inhibitors of Protein Famesyltransferase. J. Med. 
Chem. 1995. 38, 3967-3971. 

(14) deSolms, S. J.; Giuliani. E. A.: Graham, S. L.: Koblan. K. S.\ 
Kohl. N. E.: Mosser. S. D.; Oliff. A. I.; Pompliano. D. L.: Rands, 
E.; Scholtz. T. H.; Wiscount. C. M.: Gibbs, J. B.: Smith, R. L. 
N-Arylalkyl pseudopeptide inhibitors of famesyltransferase. J. 
Med. Chem. 1998, 41, 2651-2656. 

(15) Graham. S. L.; deSoims. S. J.: Giuliani. E. A.: Kohl. N. E.; 
Mosser. S. D.: Oliff. A. I.; Pompliano. D. L.; Rands. E.: Breslin. 
M. J.; Deanna, A. A.: Garsky. V. M,: Scholtz, T. H.; Gibbs. J. B.; 
Smith, R. L. Pseudopeptide Inhibitors of Ras Famseyl-protein 
Transferase. J. Med. Ctiem. 1994, 37, 725. 

(16) Hunt. J. T.: Lee. V. G.: Leftheris, K.; Seizinger, B.: Carboni. J.: 
Mabus, J.: Ricca, C: Yan, N.: Manne. V. Potent. Cell Active. Non- 
Thiol Tetrapeptlde Inhibitors of Famesyltransferase. J. Med. 
Chem. 1996. 39, 353-358. 

(17) James. G. L.: Goldstein, J. L.: Brown, M. S.: Rawson, T. E.; 
Somers, T, T.; McDowell, R. S.; Crowley, C: Lucas, B.; Levinson, 
A.: Marsters. J. C. Benzodiazepine Peptidomimetics: Potent 
Inhibitors of Ras Famesylatlon in Animal Cells. Science 1993. 
260, 1937. 



- O'Connor etal 

(18) Kohl, N. E.; Wilson. F. R.; Mosser, S. D.; Giuliani. E.: Conner. 
M. W.; Anthony. N. J.: HolU. W. J.; Gomez. R. P.; Lee. T.-J.; 
Smith. R. L.: Graham. S. L.: Hartman, G. D.: Gibbs. J. B.; Oliff. 
A. Protein Famesyltransferase Inhibitors Block the Growth of 
Ras-Dependant Tumors in Nude Mice. Proc. Natl Acad. Scl 
U.S.A. 1994. 91, 9141. 

(19) Uftheris. K.; Kline, T.: Vite, G. D.; Cho. Y. H.; Bhide. R. S.: Patel. 
D. v.: Patel, M. M.: Schmidt, R. J.; Weller. H. N.; Andahazy, M. 
L.; Carboni. J. M.; Gullo-Brovm. J. L.; Lee. F. Y.: Ricca, C: Rose, 
W. C: Yan. N.; Barbacid. M.: Hunt. J. T.; Meyers. C. A.; 
Seizinger. B. R.; Zahler. R.: Manne. V. Developement of Highly 
Potent Inhibitors of Ras Famesyltransferase Possessing Cellular 
and in Wv'o Activity. J. Med. Chem. 1996. 39, 224-236. 

(20) Mallams. A. K.; Rossman, R. R.; Doll, R. J.: Girijavallabhan. V. 
M.; Ganguly. A. K.: Petrin. J.; Wang. L.: Fatten. R.; Bishop. W. 
R.; Carr, D. M.; Kirschmeier. P.; CaUno. J. J.: Bryant. M. S.; 
Chen. K.-J.; Korfmacher. W. A.; Nardo. C; Wang, S.: Nomeir, 
A. A.: Lin. C.-C; Li. Z. C. Inhibitors of Famesyl Protein 
Transferase. 4-Amido, 4-Carbamoyl. and 4-Carboxamldo Deriva- 
tives of l-(8-Chloro-6,ll-dihydro-5H-benzo[5.61-cycloheptall.2- 
b]pyrldin-n-yl)piperazine and l-(3-Bromo-8-chloro-6,l 1-dihydro- 
5H-benzo[5,6]cyclohepta[l,2-b]pyridln-ll-yl)piperazine. J. Med. 
Chem. 1998, 41, 877. 

(21) McNamara. D. J.: Leonard. D. M.: Shuler. K. R.; Kaltenbronn. 
J. S.: Quin. J., Ill: Bur. S.: Thomas. C. £.; Doherty, A. M.: 
Scholten. J. D.; Zimmerman, K. K.: Gibbs. B. S.; Gowan. R. C; 
Latash. M. P.: Leopold, W. R.; Przybranowski. S. A.: Sebolt- 
Leopold, J. S. C-Terminal Modifications of HisUdyl-N-benzyl- 
glycinamides To Give Improved Inhibition of Ras Famesyltrans- 
ferase, Cellular Activity, and Anticancer Activity in Mice. J. Med. 
Chem. 1997. 41. 

(22) Nagasu, T. Y,; Rowell, C; Lewis, M. D.; Garcia, A. M. Inhibition 
of Human Tumor Xenograft Growth by Treatment with the 
Famesyltransferase Inhibitor B956. Cancer Res. 1995. 55, 5310. 

(23) Njoroge. F. G.; Vibulbhan. B.: Rane. D. F.: Bishop. W. R.; Petrin. 
J.; Patton, R.: Bryant, M. S.: Chen, K.-J.: Nomeir. A. A.: Lin. 
C.-C; Liu, M.: King, I.: Chen, J.; Lee. S.; Yaremko. B.: Dell. J.: 
Lipari, P.; Malkowski, M.: Li. Z.: Catino, J.; Doll. R. J.; Girijav- 
allabhan. v.; Ganguly, A. K. Structure- Activity Relationship of 
3-Substituted N-(Pyridinylacetyl)-4-(8-chloro-5,6-dihydro-l 1//- 
benzoI5.6]cycloheptall.2-^pyridin-l l-ylidene)-piperidine Inhibi- 
tors of Famesy-Protein Transferase: Design and Synthesis of 
in Vivo Active Antitumor Compounds. J. Med. Chem. 1997. 40, 
4290-4301. 

(24) Njoroge. F. G.: Taveras. A. G.; Kelly. J.: Remiszewski. S.: 
Mallams, A. K.; Wolin. R.; Afonso. A.: Cooper. A. B.; Rane, D, 
F.: Liu. Y. T.; Wong, J.: Vibulbhan, B.; Pinto, P.; Deskus. J.: 
Alvarez. C. S.; del Rosario. J.: Connolly, M.: Wang, J.; Desai. J.; 
Rossman, R. R.; Bishop, W. R.; Patton. R.; Wang. L.; Kir- 
schmeier. P.; Bryant. M. S.: et al. (+)-4-[2-(4-(8-ChIoro-3.10- 
dibromo-6,ll-dihydro-5H-benzo(5.6]cyclohepta[1.2-b]pyridin-ll- 
(R)-yJ)-I-piperidinyIl-2-oxo-ethyll - 1 -piperidinecarboxamide (SCH- 
66336): A very potent famesyl protein transferase inhibitor of 
Ras Famesyltransferase: A New Therapeutic Target. J. Med. 
Chem. 1997. 40, 2971-2990. 

(25) Sebti, S, M.; Hamilton, A. D. New Approaches to Anticancer 
Drug Design Based on the Inhibition of Famesyltransferase. 
Z?Z?r 1998. 3, 26-33. 

(26) (a) Augeri, D. J.; O'Connor. S. J.; Janowick. D.; Szczpankiewicz. 
B.; Sullivan, G.; Larsen. J.; Kalvin, D.: Cohen, J.: Devine. E.; 
Zhang. H.: Cherian. S.; Saeed. B.: Ng, S.-C; Rosenberg, S. Potent 
and Selective Non-Cysteine-Containing Inhibitors of Protein 
Famesyltransferase. J. Med. Chem. 1998. 41. 4288-4300. (b) 
Shen, W.; Fakhouiy, S.: Donner, G.; Henry. K.; Lee, J. Y.; Zhang, 
H.; Cohen, J.: Wamer, R.; Saeed, B.; Cherian. S.; Tahir. S.: 
Kovar, S.; Bauch. J.; Ng. S.-C; Marsh. K.; Sham, H.; Rosenberg. 
S. Potent Inhibitors of Protein Famesyltransferase: Heteroare- 
nes as Cysteine Replacements. Bloorg. Med. Chem. Lett. 1999, 
9, 703-708. 

(27) Sun, J.: Qian, Y.; Hamilton, A. D.; Sebti. S. M. Ras CAAX 
Peptldomimetic FTI-276 Selectively Blocks Tumor Growth in 
Nude Mice of a Human Lung Carcinoma With K-Ras Mutation 
and p53 Deletion. Cancer Res. 1995, 55, 4243-4247. 

(28) Qian, Y.; Vogt. A.: Sebti. S. M.; Hamilton, A. D. Design and 
Synthesis of Non-Peptide Ras CAAX Mimetics as Potent Far- 
nesyltransferase Inhibitors. J. Med. Chem. 1996, 39, 217-223. 

(29) Miyaura. N.; Suzuki. A. Palladium-catalyzed cross-coupling 
reactions of organoboron compounds. Chem. Rev. 1995. 95, 2457. 

(30) O'Connor. S, J.; Williard, P. G. Strategy for the Synthesis of the 
Cio-Ci9 Portion of Amphidinolid-A. Tetrahedron Lett. 1989. 30. 

(31) Carlsson, L. A. F.: Helgstrand, A. J. E.; Stjemstroni. N. E. 
5-FIuoro-3-PyridinemethanoI Esters Thereof and Therapeuti- 
cally Acceptable Salts Thereof. Aktiebolaget Astra US 3.637,714. 
1972. 

JM9901935 



Pergamon 



European Journal of Cancer, Vol. 35, No. 9, pp. 1 394-1 40 1, 1999 
© 1999 Elsevier Science Ud. All rights reserved. 

Printed in Great Britain 
0959-8049/99/S - see front raaner 



PII: S0959-8049(99)00132-X 



Original Paper 



Effect of Novel CAAX Peptidomimetic Famesyltransferase 
Inhibitor on Angiogenesis In Vitro and In Vivo 



W.-Z. Gu, S.K. Tahir, Y.-C. Wang, H.-C. Zhang, S.P. Cherian, S. O'Connor, J.A. Leal, 

S.H. Rosenberg and S.-C. Ng 

Cancer Research, Pharmaceutical Product Research Division, Abbott Laboratories, Department 4N6 AP9/2, 

Abbott Park, Illinois, U.S A. 



Ras oncogenes can contribute to tumour development by stimulating vascular endothelial grovsth factor 
(VEGF)-dependent angiogenesis. The effect of Ras on angiogenesis may be affected by famesyl- 
transferase inhibitors (FTI) since famesylation of Ras is required for its biological activity- In this 
paper we evaluated the effect of A-170634, a novel and potent CAAX FTI on angiogenesis. Human 
umbilical vein endothelial cell (HUVEC) tube formation and VEGF secretion were used to assess the 
effect of A-170634 on angiogenesis in vitro. In vivo^ nude mice were injected with the K-ras mutant 
colon carcinoma ceU Une HCT116 and treated subcutaneously with A-170634 using osmotic minipump 
infusion for 10 days. The effect of A-170634 on corneal angiogenesis in vivo was assessed using pellets 
containing hydron, VEGF, A-170634 or vehicle. In vitro, A-170634 selectively inhibited famesyl- 
transferase activity over the closely related geranylgeranyltransferase I, inhibited Ras processing, 
blocked anchorage-dependent and -independent growth of HCT116 K-ras mutated cells, decreased 
HUVEC capillary structure formation, decreased VEGF secretion from tumour cells and HUVEC 
growth stimulating activity in a dose-dependent manner. In vivo, tumour growth was decreased by 
30% and vascularisation in and around the tumours was reduced by 41% following dmg-treatment 
with no apparent toxicity to the animals. VEGF-induced comeal neovascularisation was reduced by 
80% following A-170634 treatment for 7 days. The data presented here demonstrated that A-170634 
was a potent and selective peptidomimetic CAAX FTI with anti-angiogenic properties. These results 
implied that A-170634 may affect tumour growth in vivo by one or more antitumour pathways. © 1999 
Elsevier Science Ltd. All rights reserved. 

Key words: angiogenesis, famesyltransferase inhibitor (FTI), ras, vascular endothelial growth factor 
(VEGF) 
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INTRODUCTION 

Oncogenic K-ras mutation is a frequent genetic event in 
cenain human cancers including pancreatic, coloreaal, lung 
and bladder carcinomas [1-3], Ras protein p21, a OTP 
binding protein, is involved in the regulation of cell growth 
through its various pathways in signal transduction [4-6] . Ras 
participates in the signalling cascade initiated by platelet 
derived growth factor [1,7,8] through receptor protein tyro- 
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sine kinase and various adaptor molecules to downstream 
signal transducers [6, 9] . However, when oncogenic ras loses 
its intrinsic GTPase activity and is constitutively bound to 
OTP, it leads to continuous propagation of growth signals 
within the cell [1]. To acquire biological activity, Ras must 
associate with the inner surface of the plasma membrane, 
both in normal and transformed cells [10-12]. In order to be 
active, Ras requires a series of post-translational modifica- 
tions. The first and obligatory step, the addition of a famesyl 
group to its carboxy-terminal 'CAAX' motif, is catalysed by 
famesyl transferase (FTase) [4, 13]. Inhibition of Ras famesyl- 
ation is a promising approach for developing a new gen- 
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eration of mechanism-based anticancer drugs [13-15] since 
famesyl transferase inhibitors (FTI) disrupt mutant Ras pro- 
tein famesylation in vitro and suppress tumour growth in vivo. 

There is evidence to suggest that ras oncogenes can con- 
tribute to tumour development directly by promoting tumoiir 
cell proliferation and indirecdy by stimulating vascular endo- 
thelial growth factor (VEGF)-dependent angiogenesis. 
Mutant ras expression is not only required to maintain the 
transformed phenotype of tumour cells but also critical for 
tumour progression and metastasis, which is partly mediated 
by constitutively upregulated expression of txmiour angio- 
genesis factors [16j 17]. There is considerable interest in the 
role of angiogenesis factors such as VEGF/vascular per- 
meability factor (VEGFA^F) on tumorigenesis since it is 
expressed by many hviman and animal tumours [IV, 18] and 
yet it is a growth factor specific for vascular endothelial cells. 
The expression of VEGF in a variety of tumours suggests that 
the growth of solid tumours is dependent on VEGF angio- 
genesis [9,19-21]. This has been demonstrated in several 
recent studies supporting the idea that inhibition of VEGF- 
induced angiogenesis suppresses tumour growth in vivo 
[22,23]. 

We have recentiy developed and investigated the effect of 
A-170634, a novel CAAX peptidomimetic FTI, on timiour 
angiogenesis in vitro and in vivo. In this report the effect of A- 
170634 on angiogenesis was assessed by human imibilical 
vein endothelial eel! (HUVEC) tube formation assay as well 
as tumour cell VEGF secretion in vitro. In vivo effects of A- 
170634 were investigated in a xenograft mouse model and in 
a rat corneal angiogenesis model. 

MATERIALS AND METHODS 

Chemistry of A'n0634 

A-170634 was designed as a non-cysteine containing 
peptidomimetic of the CAAX motif of the ras protein. The 
compound was derived from FTI-277 as the template [24] by 
replacing the N-terminal cysteine with a 3-pyridylamino- 
methyl group through combinatorial chemistry efforts. The 
structure of A-170634 is N-[4-(3-pyr-NH-CH2)-2-phenyl- 
benzoyl] methionine methyl ester 'HCl (Figure la). Details 
on the structure activity relationship will be reported else- 
where. 

Cell cultures 

NIH3T3 transformed H- and K-rcw cell lines were kindly 
provided by Channing Der (University of North Carolina, 
U.S.A.). HCTI 16 was purchased from American Type Cul- 
ture Collection (ATCC, Rockville, Maryland, U.S.A.). Botii 
NIH3T3 and HCTI 16 cells were cultured in Dulbecco's 
Modified Eagle's Medium (DMEM), supplemented with 
10% fetal bovine serum (FBS), and 1% antibiotic-anti- 
mycotic (Gibco, Grand Island, New York, U.S.A.). NIH3T3 
ras transformed cells were cultured at 37°C in a humidified 
chamber containing 90% air and 10% CO2, whilst HCTI 16 
was cultured in a humidified 95% air and 5% CO2 atmos- 
phere. Normal HUVEC were purchased firom Clonetics 
(San Diego, California, U.S.A.) and cultured with endo- 
thelial growth medium (EGM Bulletkit) supplemented with 
3% FBS, bovine brain extract (12ng/ml), human epidermal 
growth factor (lOng/ml), hydrocortisone acetate (1 |ig/ml) 
and gentamycin-1000 (SO^g/ml). Matrigel was obtained 
from Collaborative Research (Bedford, Massachusetts, 
U.S.A.). 



Ras processing assay 

Cells for Ras processing were harvested from subconfluent 
cultures of NIH3T3 YL-ras transformed cells and HCTI 16 
cell lines. Cell ly sates were prepared by removing culture 
medium, washing twice with PBS, and the addition of 
Laemmli sample electrophoresis buffer (Sigma, St Louis, 
Missouri, U.S.A.). Lysates were boiled for 5min and then 
separated on a 15% Tris-Glycine gel (Bio-Rad, Richmond, 
California, U.S.A.). Cellular proteins were transferred to 
nitrocellulose membranes (Schleicher & Schuell Optitran 
BA-S 83) and incubated in blocking buffer (2% nonfat dry 
milk, 3% bovine serum albimiin) overnight. The HCTI 16 
blot was probed with a pan anti-Ras antibody from Trans- 
duction Labs (Lexington, Kentucky, U.S.A.) whereas the H- 
Ras specific antibody Y 13-238 was used for tiie NIH3T3 H- 
ras blot. The blots were subsequentiy probed with horse- 
radish conjugated antimouse Ig (Amersham, Arlington 
Heights, Illinois, U.S.A.). Ras bands were visualised by 
enhanced chemiluminescence (ECL kit, Amersham, Arling- 
ton Heights, Illinois, U.S.A.) and quantified by densitometry 
using an image analysis program Image-Pro Plus (Media 
Cybernetics, Silver Spring, Maryland, U.S.A.). 

Anchorage-dependent proliferation assay 

HCTI 16 cells were harvested from subconfluent culture in 
75 cm^ culture flasks (Costar, Cambridge, Massachusens, 
U.S.A.). Approximately 1 x lO'* HCTI 16 cells were seeded in 
each well of 24-well culture plates (Costar) and allowed to 
grow for 24 h. Cells were treated with varying concentrations 
of A-170634 in medium containing 5% FBS and re-fed every 
2 days with medium containing compound or vehicle. After 4 
days of incubation, cell proliferation was quantified using 
non-radioactive alamarBIue (Alamar Biosciences, Sacramento, 
California, U.S.A.). The plates were read by a CytoFluor 
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Figure 1. (a) Chemical structure of A-170634. (b) Western blot 
analysis of ras processing. A-170634 inhibited ras . processing 
in HCTU6 cells. The growing cells were treated with varying 
concentrations of A-170634 for 48 h. Upper bands are unpro- 
cessed ras and lower bands are processed ras. 
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2300 fluorescence measurement system (Millipore, Bedford, 
Massachusetts, U.S.A.) and cell growth was measured by 
fluorescence intensity and expressed by percentage of inhibi- 
tion relative to controls. 

Soft agar colony formation assay 

For anchorage-independent growth, 15 000 HCTl 16 cells 
were seeded on to each well of 24-well culture plates on a 
0.35% top agar layer overlaid with 0.7% agar with the same 
medium supplemented with 10% FBS. Both agar layers con- 
tained the test compound A- 170634. Cultures were re-fed 
with compound or vehicle twice a week. After 10-14 days of 
incubation, colonies from duplicate wells were photographed 
using a Sony CCD camera and quantified by Image-Pro Plus. 

Tube formation assay 

The effect of A-1 70634 on the capacity of HUVEC to 
form a capillary-like network on matrix substratum was 
studied using a modified method described previously by 
Schnaper [25]. Briefly, HUVEC passages two to eight grown 
subconfluentiy on 75 cm^ culture flask were used for the 
assays. Matrigel was thawed at 4°C overnight. 80^1 of matri- 
gel/well was coated on to each well in two-chamber slides 
(Nunc, Naperville, Illinois, U.S.A.) and allowed to poly- 
merize at 37°C for 30 min. Approximately 60 000 cells in 1 ml 
of medium were seeded into each well. After 1 h of incuba- 
tion, another 1 ml of medium with different doses of test 
compounds or vehicle was added to each well. A two-dimen- 
sional capillary structure was formed after a 12h incubation. 
The cell cultures were fixed and stained with Diff-Quik dif- 
ferential staining set (Baxter, Waukegan, Illinois, U.S.A.) and 
photographed with a Nikon Diaphot 300 microscope and 
Nikon N6006 camera. Tube formation was scored manually 
and expressed relative to controls. 

VEGF secretion 

VEGF secretion was measured by quantitative sandwich 
enzyme immimoassay technique with a quantikine kit (R&D, 
Minneapolis, Minnesota, U.S.A.). The assay was performed 
according to manufacturer instructions [26]. Briefly, a 
monoclonal antibody (MAb) specific for VEGF 165 was pre- 
pared from mice immunised with purified protein derived 
from VEGF antigen of insect SS21 cells and precoated on to 
a 96-well microtitre plate. 200 ^il of control, compound trea- 
ted ctilture supernatant or serially diluted VEGF standards 
were added to the plates and incubated for 2 h at room tem- 
perature. After washing the wells three times, 200 ^il of poly- 
clonal antibody against VEGF conjugated to horseradish 
peroxidase was added to each well and incubated for 2h. 
Wells were washed three times and then the enzyme reaction 
was carried out at 37° C for 20 min with stabilised hydrogen 
peroxide and tetramethylbenzidine as substrates The plates 
were read by a plate reader (SLT Labinstruments, Austria) 
and VEGF content of the samples was estimated from the 
standard cvirve determined from serially diluted VEGF stan- 
dards. The VEGF secretion was normalised to cell nimiber 
by dividing it by the fluorescence intensity obtained from 
previous HCTl 16 cell proliferation assays. 

HUVEC growth stimulating activity 

We tested whether endothelial cell proliferation was stim- 
ulated by VEGF from HCTl 16 conditioned medium. 
Briefly, 5000 HUVEC were seeded in each well of a 96-well 



microtitre plate and allowed to grow for 24 h. The condi- 
tioned medium from either control or compoimd treated 
HCTl 16 cells from the previously described proliferation 
assay was added to each well of the HUVEC culture. After 2 
days of incubation, endothelial cell growth was quantified by 
alamarBlue assay as described above. 

Human tumour xenograft in nude mice 

Male BR nu/nu mice aged 8 weeks (Charles River, Maine, 
U.S.A.) were housed in barrier facilities with food and water 
ad libitum. 5 000 000 HCT116 cells were inoculated intra- 
dermally into mouse ventral skin on day 0. Mice with 
tumours of equal size were randomly divided into control 
(n = 8) and treatment (« = 8) groups, and minipumps (Alzet, 
Palo Alto, California, U.S.A.) containing 50mg/kg/day A- 
170634 or vehicle (0.1% DMSO in saline) were implanted 
subcutaneously (s.c.) into the back of each mouse on day 3. 
Tumour volume was estimated by measuring length and 
width of the tumour mass with digital calipers and by apply- 
ing the formula (LxW2)/2 every 3 days. After 10 days of 
treatment, tumour skin was dissected from each mouse and 
analysed for vessel density. To quantify macroscopic blood 
vessels, we removed the tumours with the surroimding skin. 
The tumours and skin were laid out flat, imaged using a Sony 
CCD camera attached to a dissection microscope. Image-Pro 
Plus was then used to segment the blood vessels based on 
contrast differences and quantified by determining the total 
pixels (area) of the blood vessels. The area of blood vessels 
from drug treated animals was expressed as a per cent of 
untreated controls. 

Rat corneal angiogenesis model 

The effect of A-1 70634 was assayed in vivo using the cor- 
neal angiogenesis model in female Sprague-Dawley rats 
(Charles River, Maine, U.S.A.), as previously described [27]. 
Rat eyes were divided into control, low-dose (0.5 ng^g) and 
high-dose (1 ftg/kg) treatment groups (n = 4 for each group). 
Briefly, 10 ^1 aliquots made of hydron (12% in ethanol), a slow- 
release polymer, polyhydroxyethylmethacrylate (polyHEMA, 
Sigma, St Louis, Missouri, U.S.A.), human recombinant 
VEGF (Collaborative Research, Bedford, Massachusetts, 
U.S.A.), A-170634 or vehicle were pipetted on to the flat 
surface of an inverted sterile polypropylene column, and 
allowed to polymerise for 2 h in a laminar flow hood. Using a 
dissection microscope, a 2 nmi lamellar corneal incision was 
cut approximately 1 mm from the centre of the cornea into 
the stroma and 1-1.5 mm from the temporal limbus with a 
no. 1 1 surgical blade (Bard-Parker, Becton Dickson Acute- 
Care, Franklin Lakes, New Jersey, U.S.A.). The pocket was 
made with a cvirved iris spatula (Fine Science Tools, Bel- 
mont, California, U.S.A.) and the pellets were implanted into 
corneas of anesthetised rats. Postsurgery, antibiotic ointment 
was applied to the operated eyes to prevent infection and to 
decrease irritation of the ocular surface. After 7 days the 
anesthetised rats were perfused with 250 ml of saline via the 
left ventricle followed by 20ml of India ink (1:50 dilution). 
Corneas were carefully removed and fixed with formalin. The 
corneas were laid flat by making three counteriateral cuts and 
imaged using a Sony CCD camera attached to a dissection 
microscope. Neovascularisation was determined by measur- 
ing blood vessel density as described above. Neovascularisa- 
tion from animals receiving drug was expressed as a per cent 
of untreated controls ± standard deviation (S.D.). 
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Figure 2. A-170634 blocked HCT116 anchorage-dependent 
growth. HCT116 cells were plated in 24-well culture plates, 
allowed to attach for 24 h and then treated with different con- 
centrations of A-170634 for 4 days. Cell proliferation was 
determined by alamarBlue assay. Data represents the average 
(± standard deviation, S.D.) of three experiments. 

RESULTS 

i4-l 70634 inhibits anchorage-dependent and -independent 
tumour cell growth 

For anchorage-dependent growth, HCT116 cell prolifera- 
tion was inhibited 5, 20 and 47% by 0.5, 5 and 25 A- 
170634, respectively (Figure 2). We further tested whether 
anchorage-independent growth of NIH3T3 H- and K-ras as 
well as HCT116 cell lines was inhibited by A-170634. We 
observed that colony formation was inhibited in a dose- 
dependent manner following treatment with A-170634 in all 
three cell lines. HCTl 16 anchorage-independent growth was 
inhibited by 2, 35 and 48% following 0.1, 0.5 and 1 ^M A- 
170634 treatment, respectively. The ED50 was 0.5, 3.1 and 
1.1 |iM for NIH3T3 H-, K-ras and HCTl 16 cells, respec- 
tively. We also observed that a reduction in soft agar colony 
nimiber was accompanied by a reduction in colony size (data 
not shown). 

A-170634 was a potent and selective FTI on FTase over 
geranylgeranyltransferase I (GGTase I). The concentration 
of A-170634 required to inhibit ras famesylation by 50% 
(IC50) was 120nM whilst for geranylgeranylation it was as 
high as ISOOOnM. The IC50 of the free acid form of A- 
170634 was 6.8 nM. In whole cells A-170634 inhibited post- 



translational Ras processing in a dose-dependent manner in 
both NIH3T3 K-ras and HCTl 16 cells (Figure lb). The 
ED50 was 3.3 and 5 ^M, respectively. 

^-170634 inhibits HUVEC tube formation 

We tested the effect of A-170634 on HUVEC tube for- 
mation in vitro. Tubulogenesis was induced in vascular 
endothelial cells by plating them on to the surface of matrigel 
for several hours. Figure 3 shows the branching vessel-like 
structures formed by HUVEC. When A-170634 was added 
to the culture, there was a decrease in both the number and 
thickness of vessel formation in a dose-dependent manner. 
There was approximately a 60% reduction in tubular struc- 
ture following 25 A-170634 treatment for 12h. The 
ED50 of A-170634 was 16 ^M. 

-^4-1 70634 reduces VEGF secretion 

At the end of the HCTl 16 proliferation experiment, the 
culture supernatant was harvested and stored at — 80° C to 
evaluate VEGF levels by EUSA assay. The test cell number 
was approximately 1x10* per well in 24-well culture plates. 
The VEGF level released from 1x10* cells after 24 h of 
incubation was ~800 pg/ml. VEGF levels declined following 
A-170634 treatment in a time (data not shown) and dose- 
dependent manner. VEGF levels were reduced by 16, 31 and 
45% relative to the control following treatment with 0.5, 5 and 
25 A-170634 for 2 days, respectively (Figure 4a). The data 
of VEGF secretion was normalised to HCTl 16 cell number. 

^-170634 inhibits HUVEC growth stimulating activity 

To test the effect of VEGF on endothelial cell growth 
stimulating activity, HUVEC were cultured with conditioned 
medium from HCTl 16 cell cultures. Endothelial cell growth 
increased 80% when cultured with conditioned medivim for 2 
days as compared with controls. There was less growth sti- 
mulating activity (56, 38 and 5%) in HUVEC when they 
were incubated with the conditioned medium from HCTl 16 
cells previously treated with 0.5, 5 and 25 nM A-170634, 
respectively (Figure 4b). The decrease in HUVEC growth 
stimulating activity of the conditioned medium from 
HCT116 cells treated with A-170634 was probably not due 
to the presence of residual compound in the mediimi since A- 
170634 had little direct effect on HUVEC cell proliferation 
(data not shown). 



%: 




Control A-1 70634 (1 0 jtM) A-1 70634 (25 ^iM) 

Figure 3. A-170634 disrupted HUVEC tube formation. HUVEC tube formation was reduced in a dose-dependent manner fol- 
lowing treatment with A-170634 (EC5o=16^M). The ceUs were fixed with methanol, stained by DifT-Quik and imaged with a 

colour CCD camera attached to a Nikon inverted microscope. 
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^-170634 reduces growth and angiogenesis of human xenograft 
in nude mice 

All nude mice developed tumours after intradermal inocu- 
lation of HCT116 cells. Tumours in mouse skin became 
palpable after 2 days of inoculation. HCT116 tumovir 
volumes between 200-300 mm^ were obtained after 7-10 
days of growth. In the treatment group, 50 mg/kg/day of A- 
170634 was administered via minipumps for 10 days and 
tumour growth was reduced by approximately one-third as 
compared with conuols. The reduction of HCT116 tumour 
growth in nude mice was accompanied by a 41% reduction in 
vascularisation in and around the tumour following A- 
170634 treatment as compared with controls (Figure 5). 

-(4-170634 inhibits corneal angiogenesis in rats 

Pellets containing slow release hydroxyethyl methacrylate 
(hydron) and VEGF with vehicle or A-170634 were implan- 
ted into rat intracomeal micropockets. Limbal capillaries 
started to sprout into the avascular corneas towards the pellet 




0 5 10 15 20 25 



A-170634 (nM) 




C 0.5 5 25 

Conditioned medium from HCT116 
treated with A-170634 (nM) 



Figure 4. (a) VEGF secretion by HCT116 cells decreased in a 
dose-dependent manner following treatment with diCTerent 
concentrations of A-170634. VEGF was measured in culture 
medium with ELISA assay (R&D) and normalised for cell 
niunber using alamarBlue assay. Data represents the average 
(± standard deviation, S.D.) of three experiments, (b) The 
eflfect of A-170634 on HUVEC growth stimulating activity in 
vitro. HUVEC were seeded in 96-well culture plates and grown 
for 24 h. Cells were treated with conditioned medium har- 
vested from A-170634 treated HCT116 ceUs. HUVEC growth 
was determined by alamarBlue assay. Data represents the 
average (± standard deviation, S.D.) of three experiments. 



2-3 days after surgery. In control eyies the number of vessels 
increased and hair-like vessels approached or reached the 
pellet at day 7. In contrast to controls, 0.5 and 1 pig/kg A- 
170634 treatment significantly inhibited sprouting neovessel 
growth (Figure 6a). Vessel density from controls and treat- 
ment rat corneas were quantified by image analysis at day 7. 
Neovascular density in A-170634 (0.5 and lug/kg) treated 
corneas was reduced by 42 and 80% as compared with con- 
trols (P<0.05 and P< 0.00001, respectively) (Figure 6b). 

DISCUSSION 

The data presented here demonstrated that A-170634 is a 
potent and selective peptidomimetic CAAX FTI that may 
exert its effects on tumour growth in vivo by suppressing 
tumour angiogenesis. We selected HCT116 cells for in vitro 
and in vivo studies because it is a representative Krras muta- 
ted human colon carcinoma cell line and it is also known to 
express high levels of VEGF [28]. The reduction of HCT116 
timiour growth following A-170634 treatment in vivo may be 
due to a combination of direct and indirect effects. A-170634 
may directly affect tumour cell proliferation through the 
inhibition of Ras processing. From our in vitro results, it was 
clear that A-170634 suppressed HCT-1 1 6 K-ras proliferation 
as well as Ras processing. In addition, we do not exclude the 
possible direct effect of FTI on the induction of apoptosis in 
HCT116 tumour in vivo. The idea that FTI covdd suppress 
tumour cell proliferation directiy. through apoptosis was first 
suggested by Rak and colleagues [29], and later demon- 
strated in both cell culture [30] and in transgenic tumour 
models [31]. In MMTV-V-H-roj model, L-744,832 treated 
salivary tumour exhibited more than a 10-fold increase in 
apoptosis as measured by TUNEL analysis, and this apop- 
totic pathway was largely p53 independent. However, in a 
mammary raslmyc transgenic tumour model, the increase in 
apoptosis was much more modest, even though tumour 
regression occurred in both tumour models after FTI treat- 
ment [31]. These studies showed that both apoptotic and 
non-apoptotic pathways could be involved in tumour regres- 
sion, and the relative contribution of such pathways may vary 
with different tumour types. 

The direct effects of A-170634 on tumour growth in vivo 
may not adequately account for the fact that the effect of 
some FTIs in vivo was greater than what would be prediaed 
in vitro [9]. The observation that A-170634 suppressed 
VEGF release by HCTl 16 cells in vitro also suggested that it 
may exert its effect on tumour growth in vivo by suppressing 
tumour angiogenesis. A decrease in the vascularisation in and 
around HCTl 16 tumour xenografts in nude mice and a 
reduction in neovasctilarisation in the rat cornea in vivo 
helped to demonstrate further the anti-angiogenic effects of 
A-170634. The cornea model is a reliable and reproducible 
system to evaluate angiogenic and anti-angiogenic com- 
poimds in vivo since it induced a persistent and aggressive 
neovascular response by directiy stimulating blood vessel 
growth rather than indirectiy by stimulating inflammation 
[27,32]. One could argue that local concentrations of A- 
170634 released by the hydron pellet in the cornea are higher 
than that in the circulation and acting in a nonspecific, cyto- 
toxic manner. This did not appear to be the case since we did 
not observe any necropathy within the cornea following 
treatment. We chose to use recombinant VEGF rather than 
HCTl 16 conditioned medium to demonstrate the effect of 
A-170634 on neovascularisation due to the technical diffi- 
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Figure 5. A-170634 reduced growth and vessel density of human tumour xenograft in nude mice, (a) mice were inoculated 
intradermally with HCT116 cells and treated with 50mg/kg/day of A-170634 or vehicle for 10 days. Tumour volume decreased 
following A-170634 treatment as compared with controls (P<0.05). (b) Tumour vessel density from each mouse was measured by 
image analysis. Vessel density aroimd tumours decreased following A-170634 treatment as compared with controls (P<O.OS). 
Data represents the average (± standard deviation, S.D.) from each group. 



oilties of adding enough medium in a 10 |il pellet which also 
included hydron and compound. More recendy, we have 
observed significant inhibition of angiogenesis in the mouse 
corneal model following systemically treatment with a A- 
170634 analogues (data not shown). 

A-170634 may act directiy as an anti-angiogenic agent in 
vivo either by inhibiting endothelial cell proliferation and 
differentiation or indirectly by inhibiting VEGF secretion by 
tumour cells. We demonstrated HUVEC proliferation was 
reduced following treatment with conditioned medium from 
HCT116 cells that were previously treated with A-170634, 
but it did not inhibit HUVEC cell growth directly. This sug- 
gests that A-170634 may affect endothelial growth indirealy 
by inhibiting tumour cell secretion of VEGF. VEGF has been 
shown to not only stimulate endothelial cell growth in vivo 
but it is also required for their survival [33]. This may involve 
induction of several svirvival genes by VEGF such as mem- 
bers of the Bcl-2 family [17], and may lead to programmed 
cell death when VEGF is suppressed. Thus treatment with 



FTI in vivo may result in a decrease in VEGF secretion by 
tumour cells which can lead to the decrease of pre-existing 
blood vessels by apoptosis in addition to inhibiting the for- 
mation of new ones in the tumour. 

The decreased VEGF secretion in vitro may reflect a 
reduction in VEGF expression. Rak and colleagues [34] have 
demonstrated previously that mutant ras plays a role in reg- 
ulating the expression of VEGF in murine and human ras- 
mutated cell lines in vitro. In addition to regulating VEGF 
expression, oncogenic ras is also known to regulate the tran- 
scription of other potential pro-angjogenic factors such as 
TGF-P and TGF-a [9]. It seems reasonable to postulate that 
suppression of oncogenic ras aaivity with FTIs may suppress 
tumour growth in vivo by suppressing factors important for 
angiogenesis. It is imclear how ras genes regulate the expres- 
sion of VEGF and the precise mechanisms of action of A- 
170634 on VEGF expression are also tmknown. It is con- 
ceivable that oncogenic ras cotild lead to an increase in 
expression of c-Jun and c-Fos, restating in increased VEGF 
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Figure 6. Reduction of corneal angiogenesis in rats by A-170634. (a) After 7 day, corneal neovascularisation was reduced fol- 
lowing A-170634 treatments as compared with controls, (b) Corneal neovessel density from each eye was analysed using the 
image system. Vessel density decreased following A-170634 treatment of 0.5 and 1.0 Mgftg, respectively as compared with con- 
trols (P<0.05 and P<0.00001, respectively). Data represents the average (± standard deviation, S.D.) 



transcription at the four API binding sites in the VEGF pro- 
moter [18, 34], Although we do not know the exact mechan- 
ism by which A-170634 suppresses VEGF secretion, it is 
important to note that VEGF expression may not be solely 
controlled by oncogenic ra5, since others [9] have shown that 
V'Src may also play a role in the regulation of VEGF. Fur- 
thermore, most colon carcinoma express VEGF, but only 
50% have a Krras mutation [35,36]. Since HXJVEC differ- 
entiation was suppressed by direct treatment with A-170634 
in vitro, it may also have a direct effect on endothelial cell 
differentiation in vivo. However, the intracellular mechanisms 
of A-170634 on endotiielial differentiation remains unclear. 

Although the intracellular mechanisms of action of A- 
170634 on tumour and endothelial cells is unclear, studies 
have shown FTIs to inhibit tumour growth in vivo with littie 
or no systemic toxicity [37]. This is remarkable despite the 
fact that Ras has been shown to be essential for normal cell 
growth and differentiation, endothelial cell migration, and 
embryogenesis in mice [38,39], Other mechanisms of FTI 
have been proposed recentiy that may account for their bio- 
logical activity. For example, FTIs may affect tumour growtii 
by ras independent mechanism such as Rho [37,40], which 
plays an important role in the organisation of the cytoskeleton. 



Others have demonstrated that K-Ras can be geranylger- 
anylated in the presence of FTI although the biological sig- 
nificance of geranylgeranylated K-Ras is imclear [37,41]. It is 
also clear from the literature that the potency of an FTI in 
cell culture and animal models does not correlate with the ras 
mutational status [15,37]. Since more than 50 proteins are 
now known to be famesylated [41] the true targets of FTI 
remains uncenain. Despite the uncertainty of whether FTI 
inhibit tumour growth through the inhibition of Ras function, 
it has been shown repeatedly that FTI can reduce tumotir 
growth in vivo with littie or no systemic toxicity [37]. We 
speculate that the mechanisms involved are likely to be mul- 
tifactorial and tumour model dependent. For example, in our 
HCTl 16 xenograft model, we did not know how much con- 
tribution ras mutation has on the tumour growth in the con- 
text of its other genetic alterations such as overexpressed 
mdm2. 

In conclusion, the data presented here demonstrated that 
A-170634 is a potent and selective peptidomimetic CAAX 
FTI that may exert its effects on tumour growth in vivo by 
more than one mechanism such as (a) direct and indirect 
suppression of tumour cell proliferation, (b) inhibition of 
endothelial proliferation and differentiation and (c) inhibition 
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of VEGF release and/or expression from tumoiir cells. These 
results open the possibility for the development of new thera- 
peutic indications of FTIs specifically targeting angiogenesis. 
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mH«Ii*Il«tre (mtl'a-Ic'uc) «. Chiefly British. Var. of mUlUttef. 
mil 'lime (mll'im. -cm) n. S«c table at currency, rpr. milliime, 

thousandth < OFr. milismt < Lat. mitUsimtiS, cnousandch < 

mitU, thousand. See gheslo-*.] 
mll*ll*me*ter (mll^a-mS'car) n. A unit of length equal to one 

thousand^ (10 of a meter, or 0.0394 inch- See table at 

measurement 

mll-ll*me«tre (mll'a-me'tar) «. Chiefly British, Var. of mil- 
limeter. 

mn-H»ml"Cron (mll'>ml'kr6n) «. A unit of length equal to 
one thousandth (10 of a micrometer or one billionth 
(10-') of a meter. 

mil 'line (mll'Un') /i. 1. A unit of advenising copy equal to one 
agate line one column wide printed in one million copies of a 
publication. 2. The cost of a unit of advertising copy. 

mll*ll*ner (mll'»-nar) n. One that makes, trims, designs, or 
sells hau. [Prob. alteration of ME Milener, native of \lilan < 
Milan, the source of goods such as bonnets and lace.] 

mlMl«ner«y (mll'a-nJr'e) pi -les. 1. Articles, esp. wom- 
en's hats, sold by a milliner. 2. The profession or business of 
a milliner. 

mlll'lng (milling) n. 1. The aa or process of grinding, esp. 

grinding grain into flour or meal. Z. The operation of cutting. 

shaping, finishing, or working produas manufactured in a 

mill. 3. The ridees cut on the edges of coins. 
Mill 'Ing •ton (mil'ing-tan). A city of SW TN N of Memphis. 

Pop. 17,866. 

mil* Hon (mll'pn) n., pi million or -lions. 1. The cardinal 
number equal to 10^. 2. A million monetaiv units, such as 
dollars. 3. An indefinitely large number. Orten used in the 
plural. 4. The common people; (he masses. Often used in the 
plural. [ME < OFr. maion, prob. < Oltal. milionet aug. of 
milte^ thousand < Lat. milte. See flheslo-*.] —mil 'lion adj, 

mll-Ilon-alre (mll'ya-nar' ) n. A person whose wealth 
amounts to at least a million dollars, pounds, or the equiva- 
lent in oiher currency. (Fr. miltionnaire < miUion, million < 
OFr. milion. See mxujon.] 

mil* Month (mll'yjmh) n. 1. The ordinal number matching the 
number million in a series. 2. One of a million equal parts. 
— mll'llonth adv. & adj. 

mll-lt»pede or mlMe-pede (mll'a-ped') n. Any of various 
crawling myriapods of the class Diptopoda, having a cylin- 
drical segmented body with rwo pairs of legs attached to all 
segments except for the first four in the thoracic region. [Lat. 
milipedj^ a kind of insect : mi///, thousand; sec gheslo-* + 
p«, ped-t foot; sec ped-'.l 

mll'li»sec*ond (mll'I-s^k'and) «. One thousandth (10*^) of a 
second. 

mll'H'VOlt (mil'j-vott') n. A unit of potential difference equal 

to one thousandth (10"*) of a volt, 
mil'li'watt {mll'a-wdt') n. A unit of power equal to one 

thou$.indth (10"^) of a watt, 
mill -pond (mil'pftnd') n. A pond formed by a mtlldam. 
mill* race (mll'ras') n. 1. The fast-moving stream of water that 

drives a mill wheel. 2. The channel for the water that drives 

a mill whecL 

mill* run (mil 'run') n. 1. Sec mlllrace. 2. The output of a 
sawmill. 3.a. A test of the mineral quatitv or content of an ore 
by milling, b. The mineral yielded by this test. 

mill-run (mil 'run') adj. Being in the state in which a produa 
leaves a mill; unsortcd and uninspected: miU-run fabric. 

mlll«5tone (mll'ston') «. 1. One of a pair of cylindrical stones 
used in a mill for grinding grain. 2. A heavy weight; a burden. 

mill-stream (mll'strcm') n. The rapid stream of water flow- 
ing in a miltrace. 

Milhvllle (mll'vTl'). A city of S NJ W of Atlantic City; settled 
in the 18th cent. Pop. 25,992, 

mill wheel n. A wheel, typically driven by water, that powers 
a miU. 

mlll'work (mll'wurk') «. Woodwork, such as doors, window 
casings, and baseboards, ready-made by a lumber mill. 

mill 'Wright (mll'rit') n. One that designs, builds, or repairs 
milts or mill machinery. 

Milne (mltn), A(lan) A(lexander). 1882-1956. British writer 
best known for Xd'innie-the-Pooh (1926). 

mi'lo (mi' 16) rt., p/. -los. An early-growing, usu. drought- 
resistant grain sorghum that resembles millet. [Poss. < Afr. 
mealie, corn, prob. < Pon. milho < Lat. miliurrt, millet. See 

MIUET.j 

ml -lord (ml-lord') «. 1. An Enelish nobleman or gendeman. 
2. Used as a form of address for such a man. [Fr. < E. my 
lord.] 

Ml*tos also Me*tos (me'los) or MI*lo (mi'ld, ml'-). An island 

of SE Greece in the Cyclades Is. of the Aegean Sea. The Venta 

de SUh was found here in 1820. 
Ml'lGSZ (me'ldsh'. -w6sh'), Cieslaw. b. 1911. Polish-born 

writer who won the 1980 Nobel Prize for literature. 
Mll'pl'tas (mll-pe'tas). A city of W CA N of San Jose. Pop. 

50,686. 

mllque* toast (mllk'tdst') n. One who has a meeic timid na- 
ture. (After Caspar SUtquetoast, comic-strip character by H.T. 
Webster (1885-1952).] - mllque 'toast 'y a*/;. 



fluid. 2. The 
cows or 
(ftsh roe) 



milt (milt) n, 1 .a. Fish sperm, including the sea*;^'- 
b. The rcproduaive glancfs of male fishes when 

The spleen of certain vcnebratc anim2^^ 
pigs. ~tr.v. mllfed. mllfing, mihTt?** 
J with milt. (ME, roe, spleen, partly < ijSvN^ 
and partly < OE mi/fe, spleen; see mel-t*.| 
mllt»er (mil'tar) n. A male fish that is ready to k^JT*^ 
Mll-ti*a«de5 (rail.tT'>de2'). 540?-489? ix. AthSr 

who defeated the Persians at Marathon (490 
Mil-ton (mll'tjn). 1. A town of SE Ontario WSVofT*^- 
Pop. 28,067. 2. A town of E NLK, a suburb of BeL?^ 
25,725. ^^'K 
Milton. John. 1608-74. English poet and scholar »u 

known for the epic poem Paradise Lost (1667) 
Milton Keynes (kcni), A town of S-ccntral EngUai to 

Oxford; designated as a new town in 1967. pop ti/5« 
MII»wau'kee (mU-wd'kf). A city of SE WI on La£ 

estab. as a fur-trading post in 1795. Pop. 628,085^*^^ 
Mil'WaU'kle (mTl-w6'ke). A city of NW OR. a 

Portland on the Willamette R. Pop. 18,692, ^^"^ 
Mi 'mas (ml 'mis, me'-) n. A satellite of Saturn. [Aftg u* 

one of the Giants slain by Hercules.) 
mime (mim) n. 1 ,a, A form of ancient Greek and - 
ater in which the familiar was farcically portrayed o« 
b. A performance of or dialogue for such an e'ntert»^J 
C. A performer in a mime. 2. A modem performer 
cializes in comic mimicry. 3.a, The art ot portraj-iaj 
ters and aaing out situations or a narrative by gesckt^ ^ 
bodv movement without the use of words; pantomi^i, 
performance of pantomime. C. An actor skilled in pina^ 

— V. mimed. mim»Ing, mimes. — rr. 1. To ridicule Vj^ 
ution; mimic, 2. To act out with gestures and ho^ ^ 
ment. — irttr, 1. To act as a mimic. 2. To portray A*,^^ 
and situations by gesture and body movement. [Lat. . 
Ck, mimos.l — mim'er «. 

mlm»e»0 (mlm'c-d') Informal — n., pi -OS. A minxo^ 

— tr.u. -oed. -O'lng. -os. To mimeograph. 
mIm*e*o*graph (mlm'e-a-grif') rt. 1. A dupliatot*, 

makes copies of written, drawn, or typed macctial bm . 
stencil fitted around an inked drum. 2. A copy madebj v 
method of duplication. (Originally a trademark.) - ab*t 
©•graph' v. 

ml 'me* sis (mt-me'sTs. ml-) n. 1. The imitation or trptw* 
tation of aspects of the sensible world, esp, human acMX« 
literature and art. 2. Biol Mimicr>'. 3. Medic. The appc»v 
of symptoms of a disease not actually present. (GU. mmim 
< rnimeisthji^ to imitate < mimof, imitator, mime.) 

ml-met'lc (mi-m?t'ik. mi-) adj. 1. Relating to, chjracasiA 
of, or exhibiting mimicry. 2,a. Of or relating to an ircJo^ 
imitative, b. Using imitative means of representatioo: i m 
metic dance. — ml-met'i"cat»ly adv. 

mlm-lc (mim'ik) tr.v. -icked. -Ick-lng. -Ics. l.To copyoi* 
itate closely, cip. in speech, expression, and gesmrc If 

2. To copy or imitate so as to ridicule; mock. See Sr* * 
Imitate. 3. To resemble closely; simulate, 4. To laVeo* »■ 
appearance of. — k. 1. One who imitates, esp.: a. An k»» 
a mime. b. One who practices the art of mime, c. One tfc 
copies or mimics others. 2. A copy or an imitadon. -*» 
1. Relating to. acting as. resembling, or charactcnsoc « • 
mimic or mimicry. 2.a. Tending to imitate; imiuii* 
b. .Make-believe; mock. [< Lat. mimicus, mimic < C*. • 
mikos < mimos, imitator, mime.] — mlm'lck*er n. 

mlm-ICTy {mTm'i-ktc) n„ pi -ries. l.a. The «t. P^J^V 
art of mimicking, b. An instance of mimickmg. p** * 
resemblance of one organism to another or to an ooi^JV 
surroundings for concealment and protection from P"**7 

Ml'mlr (mi'mir') tt. Myth. A Norse giant who IiveJtJ* 
roots of Yggdrasil, where he guarded the well ot 
[ON. See (s)mer-**.l _ , ^ 

mi*mo«sa (mi-m6'sa, -la) «. 1. Any of various mostly ofl^ 
herbs, shrubs, and trees of the genus Mimosa, having 
heads of small flowers and usu. bipinnate leaves di*|f^ 
sensitive to touch or light. 2. See slIK tree. 3. A dnflt «^ 
sisting of champagne and orange juice. (NLat. Mimo«.F^ 
name < Lat. mimtiSf mime < Ck. mimos.] 

mln. abbr, l.a. MincralogicaL b. Mincf»*<»5>V'i|^ 

3. Minimum. 4. Mining. S. Minister. 6. Minor. V. ^ 
Minute. • • bs< ' 

ml«na* {nii'na) pi -nas or -nae 
weight or money used in ancient Greece and Asia, 
mna < Akkadian manu, a unit of weight.) 
ml'na* (mi'na) n. Var. of myna. ^ 
mln»a«ble or mlne»a-ble (mi'na-bal) adj. That canj* ^ 
ml«na-clous (ml-nJ'shas) ad;. Of a menacing or ^^2^ 
nature; minatory. (Lat. mmJx, mirtJc (< 
< m'mae, threats; see men-*') + -low.) -f"''"' « ^ 
adv. - ml 'na' clous -ness. ml»nac'l'ty (mT-ni»'HC) 
Mfn-a«ma«ta disease (mTn'a-ma'ia) «. A degenctao ^ 
rological disorder caused by poisoning with a ^^^^v^ 
pound found in seafood from contaminated waters- 1- 
Minamata , a town of W Kyushu, Japan.l 
mln-aTet (mTn'a-rJt') n. A tower on a mosque, tfO"" 
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ABsnucr. The steady-state kinetic mechanism of bovine brain farnesytprotdn transferase (FPTase) has 
been determined using a series of initial velocity studies, including both dead-end substrate and product 
inhibitor experiments. Reciprocal plots of the initial velocity data intersected on the l/[3] axis, indicating 
that a ternary complex forms (sequential mechanism) and suggesting that the binding of one substrate does 
not affect the binding of the other. The order of substrate addition was probed by determining the patterns 
of dead-end substrate and product inhibition. Two nonhydrolyzable analogues of faroesyl diphosphate, 
(a-hydroxyfamesyl)phosphonic add (1) and ([(f«mcsylmethyl)hydroxyphosphinyllmethyl]^03]^onic add 
(2), were both shown to be competitive inhibitors of farncsyl diphosphate and noncompetitive inhibitors 
of Ras-CVLS. Four ncnisubstrate tetrapeptides. CV(d.L]S, CVLS-NH^, /V-acetyl-L-penidllamine^VlM, 
and CIFM, were all shown to be noncompetitive inhiUtors of famesyl dipho^hate and competitive inhibitors ^ 
ofRas^CVLS. These data are consistent withjrandom Order of substrate addition. Prodna inhibhion patte rns 
corroborated the results found with the dead-end substrate inhibitots. We conclude that bovine brain FPTase 
proceeds through a random order sequential mechanism. Determination bf steady-state parameters for several 
physiological Ras-CeaX variants showed that amino add changes affected the values of K^, but not those 
of Jc^j,, suggesting that the catalytic cffidcncies (Jtc/Jtj^,) of Ras-CaaX substrates depend largely upon their 
relative binding affinity for FPTase. 



Site^specific farnesylation is the fust step in a series of 
posttranslational modifications leading to the biological ac- 
tivation of a variety of cellular polypeptides (reviewed in 
Glomset et al. (1990) and Maltese (1990)], In a reaction 
catalyzed by farnesyhproiein transferase (FPTase),' the 
famesyl moiety of the cholesterol btcsynthedc intermediate, 
famesyl diphosphate, is linked through a thioether bond to a 
conserved cysteine residue positioned four amino acids from 
the C-terminus of the protein acceptor substrate (Scheme I). 
Following famesyiation^ the three C-terminal amino acids are 
pf cteolytically removedt and the newly formed farnesylated 
cysteine residue is methyl esterified. Protdos that can be 
famesylat* ! (of otherwise prenylaied by other transferases) 
have a consensus C-terminal amino add sequence CaiapCJ 
The aaonym codes for a cysteine residue (C), followed 
(generally) by two aliphatic amino acid residues (aja^J, and 
ending with another amino add (X). Exceptions to this 
CaiajX mnemonic abound, however^ Although the cysteine 
residue is cssenHel, many proteins with non^glydne roaiducs 
in the a) position arc farnesylation substrates. On the other 
band, not ail proteins v'ith CaiajX^Bke sequences arc prcny- 
hted (e.g., the G;d subunit has the Caia^X i»equence CQLF 
but \i not modified; Mumby et al.» 1990). Fungal mating 
factors, nuclear lanjins, the 7 subunit of retinal Uansduoin. 
and the ccU-transforming QTPasc protein Ras aU must be 
famcsylated prior to membrane association, wbich,. in turn, 
IS required lor in vivo protda activity (Pukada et al, 1990; 
Glomset ct aL, 1990; Goldstein & Brown, 1990; Lai ct aL, 
1990; Maltese, 1990; Mumby et al. 1990; Rine & Kim, 1990; 
Gibbs, 1991). That Ras requires this modification b of 
particuler interest, since activated forms of Ras arc found in 

• Ta whom oonespondeBco should be addresicd. 
JDeptrtmcet of Cinccr Roscsroh. 
'Dtpaftfflcni of Medicinal Cftcmistry. 



20% of human cancen and >50% of colon and pancteatic 
carcinomas (Bos, 1990). Interference of Ras mnabtaai 
locaUzation by iiihibitioQ of the enzym&mediatied fomesyla^ 
reaction is thus a possible anticancer strategy (Ooldstrin ' 
Brown, 1990; Oibbs, 1991). 

FPTase purified to homogeneity from cither rat (Reiss; 
al, 1990) or bovine brain (Moores et al, 1991) is an a/g 
heterodimer, with its subunits having molecular masses of^ 
kDa («) and 43 kDa (j9). A cDNA encoding the j9 subu^ 
from rat brain (Chen ct al» 1991) has been cloned and foua 
to be homologous to the yeast RAMI gene. A partial cDj^ 
encoding the C-tcrminal 329 amino add residues of the 
subunit cloned from bovine brain is hotnologous to the y 
RAMI gene (Kohl 'rt al, 1991). TransfectiOD of the rat 
subumi cDN A together with a cDNA encoding part of 
rat tf subunit yields FPTase activity in human kidney 
(Chen ct al, 1991). Since mutations in either RAMI 
RAM2 disrupt FPTase activity in yeast, it now appears t 
the /9 and a subunits are the mammalian counterptrts of 
yeast RAMI and RAM2 genes, respectively (Kohl et 
1991). i' 

The enzymdogy of FPTase has focused on its isopr 
diphosphate and protein substrste spociftdty (Reiss et al., 1 
1991a.b; Sohabcr et al 1990; Moores et al. 1991), FPTi 
is particular about its isoprendd substrate, but is « 
promiscuous with regard to its protein substrate Al ^ 
ger&nyigeranyl diphosphate and famesyl diphosphate ht 
FFTase ^th roo^ly the seme affinity (Sdiabcr et al 1 



1 Abbrevialioni; Ca,ajX Cyi (C), an atiphitlc amino scld 
any amieo acid ^X); PPTaie, ftimesyl;pfotcin tfamfsrssc; GG, 
gcranylgcranjirproteln tr«m/et«s<; R&s-CsaX. lLeu*6S]JSA$l 
185)-CuX; DTT, dfihiotluxtiol; 5DS, sodium dodecyl s^^f^ 
;v-(^hydro?(yeAyi)pipc/«ino-7/C^et>aeesttIfoa:escid;Tl^ „ 
chromaiograpby; TOLC, blsb-perlnmiace liquid chrontitojtf^ 
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only ftnesyl dipboaphate is a Unetically competem substrate 
the rctciion, while gcninylgcranyl diphosphate behaves as 
a nonrtaclivc inhibitor, wing Harvey-Ras as the aqceplor 
\ (Yamanc ct aL, 1990; Moorcs el aL, 1991^ JSeabra ct 
1991). There are other classes of prenyliransfcrascs 
GOFTases) that utilize getanylgciinyl diphosphate as ttic 
-Dor substrate (Casey ot al, 1991; Horigtichi ct al, 1991; 

ret al., 1991; Moores el aU 1991; Seabra ct aL, 1991; 
'okoyaniB ct aL, 1991). Interaction between FPTase and its 
dn substrates appears to depend only upon the amino add 
^ucnce or the CijaaX box, on the basis of the observation 
t cognate tetiapcptides can competitivdy inhibit the binding 
prateifl substrates (Ross et al., 1990, 1991a; Schabcr et al.. 
90; Moores el al., 1991). Within the CajajX sequence, 
Etutions are betto' tolerated in the a^ poaition than in the 
position (Slirmncl ct al, 1990). The best famesylaticm 
Utrates contain aliphatic or aromatic residues in the a^ 
^'tioo. Changes in the X position, however, severely affect 
'efTioiency of famesylatlon. In fact, it appears that the 
al residue of CajajX proteins determines to whinh 
of tfaurfcrase the protein will bind, with Ala, Cys, Gin, 
, and Met favoring binding to FPTase and Leu prcferriag 
g to GGTaso^I (Moores ctal, l991;Rcis9ctal., 1991a). 
bile an Understanding of the substrate specilictty is a 
I iirst step, the design of novel compounds that wQl inhibit 
action of FPTase requires a detailed knowledge of the 
^ 'cal mechanism through which the enzyme-calalyied 
■^on proceeds. Thus far, few mechanistic details of the 
'on catalyzed by FPTase have been reported. With a two 
^U/two piroduct (Bi BI) system, the logical first question 
cthor a ternary complex, consisting of FPTas©, farncsyl 
esphate. and protein, is formed (sequential mechanism), 
^ciher the first product leaves the active site before the 
' substrate u bound (ping-pong mechanism). In this 
y steady-state enzyme kinetics, including nonieactive 
^te aod produa inhibitcr studies, were used to distinguish 
^n these two mechanistic posnlulilies and to detennine 
^aiive binding orBer of the two substrates, 

, tMEKT/a. Procepures 

^*asc was purified to homogeneity from bovine brain as 
*^ in Moorcs et al. (1991). The ras construa [Leu- 
^l(tcnn.)-SLKCVLS, whose gene product Is referred 
;^s.CVLS, has been describsd previously (Temelcs ct 
/} CJihbs ct aL. 1 989). Ras^CaaX proteins were purified 
^bed previously (Moores ct al, 1991). pHjFaxncsyl 
Mie (20 Ci/mmol) was purchased from Du Poat-NEN 
Ma). The famcsyl diphosphate analogue, 

QCD iq 'qg 00:49 
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[[(famc3ylmethyl)hydraxyphosphinyl]methyl]pho$phoBic add 
(1; McCUrd et al^ I9r7; Biller el aL, 1 988), was synthesiied 
by Ti J, Loc and W. J. Holte (Merck Research Labontories). 
Peptides and peptide derivatives were synthodxed by V. M. 
Qztilsy (Merck Research Laboratories) using an Applied 
Biosystcms Model 430A synthesizer, purified by rewerac^phasc 
HPLC, and characterked by amino add analysis and fast 
atom bombardment mass spectrometry. All other chemicals 
and reagents were from Sigma, Aldrich, or Fisher and were 
used without further purification. 

hiethods 

Pdyacrylamide gel electrophoresis in the presence of sodium 
dodecyl sulfate was carried out as dcsaibed by Laemmli 
(1970), Gels were iiaincd cither with Coomassie Blue or with 
silver (Daiichi Silver Stain, Emprotech, Hyde Park, MA), 
Protein concentrations were determined using the Bradford 
(1976) method or were estimated by densitometry on gels. 
Bovine serum albumin (affinity purified, Pierce. Rodcford, IL) 
was used as the protein standard. Protein solutions wore 
concentrated by ultrafiltration with Aroicon PM-30 mem- 
branes or by ccntrifUgation in an Amicon Ccntricon-30 ul- 
trafiltration apparatus. 

Transferase Assays, FPTase activity was assayed in the 
biosynthedeally forward direction at 30 ^C. Reactions were 
never allowed to proceed to more than 10% oompletion based 
on the limiting substrate. Each velocity data point shown is 
the avenge of at least three dcierminetions. For calculations, 
the molecular mass of the transferase was assumed to be 90 
kDa and that of the Ras-CVLS to >e 21 kDa. A typical 
reaction contained the following: (*H)firnesyl diphosphate 
(lO-SOO nM), Ras-CVLS (0.2-8 mM), 50 mM HEPES. pH 
7.5, 5 mM MgOj, 20 mM ZnQi, 5 mM dithiothrcitol, 0.1% 
PEG 20000, and pure FPTase (0,2-2 nM). After thermally 
preequilibrating the assay mixture in the absence of enzyme, 
reaction was initiated by adding the transferase. Aliquots 
(25(V-S00 >iL) were withdrawn and diluted into 10% HCl in 
cthanol (1-2 mL) at timed intervals. The quendxed reactioAs 
were allowed to stand at room temperature for IS min (to 
hydrclyze umeacted fantesyl ttiphosphate). After adding 100% 
ethanol (2 mL), the reaetioss wer« vacuum^fUtered through 
"Whatman OF/C fdten using a Brandel cell harvester (Model 
MB-24L, Gaithenburg, MD). Filtcn were washed four times 
with 100% ethanol (2-mL ahquots), mixed with scintillation 
fluid (10 mL, ReadiSafe, Beckman), and then counted in a 
Beclonan LS3801 sqntillation counter. 

FPTase was also assayed by quantitating the amount of 
famesylated Ra»-CVLS product isolated directly ftroa poly- 
acrylamide gels cross^linked with 7V;iV'*diallylurtardiamide 
(DATD, Bi<y.Rad; Anker, 1970). Transferase kinetic ait»vc 
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were perfofmed as described above* except th*t reaction 
mixtures (120 ^L) were quenched by the addition of 5X 
sample loadlBg buffer (20 mL; lOO raM TrIs-HCl, pH 6.B, 
contaioinf 50% glycerol, 10% SDS, 200 mM DTT, 50 mM 
EDTA, and 10 #ig/ML Ras-CVLS), Ras-CVLS was inchdod 
in the sample loading buffer to aid in Vuualizing the product 
bard in the gd after staining. Polyacrylamide (15%) gels were 
cast using DATD mole for mole In the place of methylene- 
bis(acrylamide) as the cross-linking agent. Following sepa- 
ratibn of the quenched samples by elicctrophorefiA. the gel ^as 
stained for protein with Coomassie Blue. Product l^H]- 
f»mesyl-RAs-CVLS (21-kD» band) was cut out of the gel and 
then incubated v^th 1% periodic acid in 0.1% H3PO4 (2 mL) 
at 60 *C for 3 h to dissoWe the gel. Scinttll&tion fluid (10 mL) 
vres added, and the samples were counted. 

When peptide CVLS was used as the protein acc^or 
substrate, product pHlfamcsyl-CVLS was isolated from the 
reaction mixture by reverse^hasc HPLC and then counted. 
Solvent A was 30% CH3CN containing 10 mM sodium 
pho^hfltc, pH 6.8» and sdvcnl B was 60% CHjCK containing 
10 mM sodium phosphate, pH 6.8. Samples (100 u!L) were 
injected onto an analytical Vydac C4 column (ISO mm) 
equihVatad in 0% solvent B at a flow rate of 1.5 mU/min. 
Product farnesyl-CVLS was cluted by running a linear 
CH3CN gradient from 0% to 100% solvent B over 7 min. 
Total analysis lime for each sample was 12 win. Farncsyl- 
CVLS ©luted with a retention time of 7 min. Synthetic 
farncsyl-CVLS (Schaber el al., 1990) was used to calibrate 
the column before radioactive samples were injected. 

For inhibition studies, assays were run as described above, 
except inhibitors (peptides or famesyl diphosphate analogues) 
were included at various concentrations. Product was quan- 
tiuted using the acidic ethand precipitation aaaay. 

Steady-state Idnctic parameters were determined either from 
reciprocal plots or from a nonlinear least squares fit to the 
relevant rate equation of initial velocity data using the Mar- 
quardt algorithm (Marquardt, 1963), For the inhibitor studies, 
the reciprocal plots were drawn to show the general inhibition 
pattern, but the values of Ki m Table II were calculated from 
nonlinear least squares fits to the appropriate inhibition model. 

2fiJ0^dQdecairi€nyJ]phosphonate (3). To a stirred solution 
of famesal (24S m& 1 .1 1 mmol) in acctonitrile (1.1 mL) under 
ar^r , at room temperature were added triethylamine (0,31 
mL, 2.22 mmo)) and dimethyl phosphite (0.153 mL 1*67 
mmol), and the resulting mixture was stirred at room tem- 
perature for 24 b. After the reaction mizture was concentrated 
in vacuo, the residue was chromatographed over silica gel 
eluted with ethyl acetate to afford a cdorless oil (1^1 mg. 38% 
yield): «H NMR (CBQj) 5 1.60 (6 H, s), 1.68 (3 H. s), 1.71 
(3 H, d, J = 3.1 Hz), 1.80-2.30 (9 H. m), 3.80 (6 H. m), 4.69 
(I H, dt, J = 9 and 5.4 Hz), 5.00-5.20 (2 H, m), 5.34 (1 H. 
m). 

{R^Al'tfydroxy'iEJS)'3JJI'trimethyl'2A10-dodee<h 
trUttyFlphcsphcme Acid (1). Trimethylsilyl bronude (0.107 
mL, 0.81 mmol) was added to a stirred solution of 3 (67 mg, 
0.203 mmol) and 2,4,6-collidinc (M07 mL, 0.81 mmol) in 
dichloTDmetbasc (3 mL) under argon at 0 **€, and the mixture 
was stirred at 0 fcr 30 min and then at room temperature 
for S h. After furst diluting the white suspen^on with toluene 
(10 mL) and then evaporating the solvent in vacuo, the re- 
sulting white (Olid was dissoNed in ethyl aceute and water 
and the pH was adjusted to pH 3 by the addition of 1 M HCL 
The Organic Uycr was separated, dried (oyer MgSOJ, and 
concentrated in vacuo to afford a pale ydlow solid. The solid 



rompi»ano ci 

PURIi-iED BRAIN FPTase 
Rai Bovino 

Mr 1 Z 3 4 



97.400 H 




' 66,200 .- 



aS.OOOH 



Fiouasl: SDS^lyacrylunldBi^lelectxophorcsaorFFIasBs^^ 
from rat and bovine brain. Lanes 1 and 1* 20- and 2-Ag sampla 
of purided tat brain FPTasc respectively. Lanes 3 and 4: ^ asd 
20-ng sami^cj of purified bovine brain FPTasc, respecthely. Bco- 
uophorftsis through 7.5% seryhmidc gds (IM x 180 ^ 0.75 msO 
WIS carried out it constant current (40 mA) for 1 .5 h. Protein %u 
niu^iizad ato silver 3taining. llieprotdnipolccubx weigh stindarii 
flftnk the FPTasc lanas. 

was washed wltb dichknromelhane (2X5 mL) and then drkd 
in vacuo to jield a while solid (40 mg, 65% yidd): »H NMR 
(DMSO) i 1,55 (3 H. s). 1.56 (3 H, s), 1.60 (3 H, d, 7 3j0 
H2), 1,SO-2.20 (9 H. m)» 4.24 (1 H. dd, / = 9.5 and 10.5 HjO» 
5.00-5.30 (3 H, m). AnaL Calod for CjsHj^OaP-O.lSHiO: 
C, 58.71; H, 9.03. Found: C, 58.72; H. 8.94, 

Results 

FPTcst Activity Assay. A filter binding assay wai 
velopod to improve the sample to sample reproducibflity^ 1 
the background signal, and allow the process to be semi 
tcmatod (Moores et aL, 1991). By qveaching the reactiOB y 
acidic ethanol, which precipitates the radioactive prod 
fame&yl-Ras^CVLS and hydrolyzcs the remaining substra 
famesyl diphosphate^ and by using ethanol to wash thef3 
only two solutions were required, which made automating * 
procedure simple (using a cell harveatcr to do the wa6b» 
Washing the filter with ethanol helped to lower the ob 
background radioactivity, probably by better solubiliang 
hydrolyaed, unreacted radioactive portion of tbc subs' 
(pH]famcsol). With thiJ assay, we were able to collect a 
listically relevant initial rate data. Except where noted, ' 
of the results presented below were collected using this a ' 
ethanol precipiution assay. 

Steady'State Kinetics, Pure enzyme, free from 1 
phosphatase or other prenyltransferasc activities, is 1 
for measuring true initial rates. Like the cwsyme from , 
brain (Reiss tt ali 1990), FTTase isolated from bonne ' 
(Mooits ct al., 1991) is an a/0 heterodimer, compn^' 
subunits having mdecular masses of approsdmatcly 47 (d) , 
45 03) kDa. Figure 1 shows a silver-stained denaturiai 
lyaaylamide gel comparing the rat and bo»ine brain i 
Both enzymes have similar spcciTic activities, 40 and ZOO 
min-^ mg-» for the rat (Reiss et al., 1990) and the bo^*a» • 
enzymes, reapecdvely, tising HarveyoRas as protein 1 
Bovine brain FFTase of the purity represented in ] 
better was used aclusivdy in the steady-state Idaetic 

A double-reciprocal plot of initial velocity aj 
concentration of famesyl diphosphate at a series 
concentrations of Ras-CVLS is presented in Figure ! 
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Lmab i Double-iedproeal plot of iniiial velocity veraut faniesyl 
f SSwreW (FPP) eoBoawtjoa »t vatUble Hxti RsJ-CVLS eon- 

?1?50M. (A) 0.4, (D) 0.6. (O) Ot. .nd (A) 1.6 i»M. 
^leimilMy pV« of the slopes saaiasi the teciproceU of R»s-CVLS 
Itenontntion. 



Swa 1: Cmpvisaa of Stcady-Suic Kinrte Finmetcre for 












0.04 ± O.Ol 0.0» 


2X J0« 




t dlpboopbato 


0.63 0.03 0.09B 
0.13 ± 0.03 0.Q23 
0.13 ^ 0.03 0.026 
20 ± 3 0.02S 
0.20^ 0.02 0.016 


1.5 X 10* 
1.8 X 10* 
2.2 X 10^ 

0. 014 X 10^ 

1. ) X 10^ 


1.0 
1.2 
1.5 

0.009€ 
0.75 



.^^iins pateefB is coiifiisicnt with a sequential mechaaiim, 
5 which both suhaif atca must add to the cnrgrmc before cither 
tisrtleased. Tbein>«fscrt!Oprocalplot-4mtialvclociiy 

I ihe oonoratration of Ras-CVLS ai fixed conceniraiions 

jfarnwyl diphwpha;c-^as also intcrscctinB and, at the 
Bovtr point gave the same value oSl/v (not shown). Tlic 
,jrt«eling pattern was observed again >whfin initial velodty 
fcaBttremcots were determined by quantitating the product 
^esyl-Ras-CVLS isolated £rom polyacrylamide geU (not 
ra; lec Experimental Proecdures). Kinetic paramclcrs 
t delcnnincd from slope and intercept replots of the pri- 
> reciprocal plots (for a sample slope replot* sec Figure 
iitect) as we^l as from a nonlinear least squares fit of the 
» to the appropriate rate equation. The vahics of the kinetic 
gamctcrs are tabulated in Table L Note that the value of 
pfor famesyl diphosphate (0.04 ^M) varied from 0.02 to 
*^ mM, due to difficulties inherent in the mcasurcmem of 
tion velocities at low famesyl diphosphate concentrations, 
the point of intcfsection of the reciprocal plots is on the 
J^l axis, the value of the Michadis constant (ATh) equals 
|>aluc of the dissociation constant (VQ for each substrate. 
}^ previously rcpoited the value of JCMCRas-CVLS) to be 
i»M (Moores ct al. 1991), whereas the vahxe obuincd in 
J*ork is 0.63 $iM. One possibility for this discrepancy is 
Ithe unmodified r«mibinant Ras-CVLS protein substrate, 
Pfb Was ex pirtse d in and isolated from Eschenehia coli, 
^•*poscd to adventitious carboxypcptidases that degraded 
jCtenunus of the Ras-CVLS substrate dunng the growth 
I Pittification procedures. Since truncated versions of 
"^p^lS are not substrates (nor arc they particularly good 
*!^), the presence of these nonsubsirate Ras-CVLS 
Would lead to overestimation of the concentration of 
_ ^ate^uality Ras-CVLS in the preparation. In turn, the 
1^ paramcicrs which depend on the accurate deter- 



minaiion of substrate concu. -ation, such as the value of 
would likewise be overestimHtcd. We looked for an Inde- 
pendent method to determine the vahie of for the protein 
substrate. Since only the four Oterminal residues of Ras- 
CVLS appear to interact with the transferase (Moores ei al, 
1991; Rdss el al., 1991a), wc reasoned that the cognate ici- 
rapeptide CVLS ihouM have a value of JCm very similar to that 
for the actual protean substrate. Uang an HPLC^based assay 
to measure FPTase activity with tctrapcptide CVLS as the 
varied substrate in the presence of filturating famesyl di- 
phosphate, the vahie of rM(CVLS) was detoxnincd to be 0.77 
jiM, which agrees doscly with the value of JCm for the proton 
substrate. It thus appears that the cuncnt value of 0.63 iM 
for the value of XM(Ra*-CVLS) is the most reliable figuie to 
date. 

With pure FFIase, it was possible to extend the findings 
on the sequence dependence of pienylation (Moores et al^ 
1991), since the values of both and iCn for each protein 
substrate could be detficmincd. The second-order rate constant, 
KaJKn. and not JCm alone, is the true measure of the spe- 
ofidiy of a substrate for an enzyme. To evaluate the spe^ 
clficity of certain Ras-CaaX substrates for FPTase and to 
highlight further the importance of the C-terminal residue in 
determining prcnylation specificity, the values of KaJKm 
determined for five Ras-CaaX variants and are presented in 
Table L Four of the Five naturally occurring sequences 
(CVLS. Ha-Ra$; CVIM, Ki-Ras; CAIM, nuclear lamin B; 
CNIQ, Rap2) were approximately equally spcrific substrates 
for FPTase. The Ras-CAIL subsuatc (r 6 aubunit), which 
is a known geranyigcranylation substrate (Mumby et al, 1990; 
Yamane et al., 1990). bad a Jk^^:„ value 100-20a.fold lower 
than the other protein substrates, indicating that it was a 
considerably poorer substrate. The value of Ku f» famesyl 
diphosphate was the same in the presence of all the protein 
substrates (0.04 mM. data not shown), suggesting th at ther e 
is no interaction between the fainesyl diphosphate and protdn 
binding sites. The values of k^x for these protein substrates 
were all roughly equal, making the Ku icrra, which reflecU 
the relative binding affinities, dominant in the measure of 
catalytic effidency. Thus, though we prwoudy csily classified 
the suitability of Ras-CaaX variants to act as FPTase sub- 
strates on the basis of their relative Kh values (Moores et al, 
1991), that ranking also likely rcflecte the relative caUlytic 
effidenciea (J^/Km values) of the various protein substrates, 
Diad^EndSubstro'.i: and Product IMhttQ^StudUs. While 
the initial velocity studies described above show that both 
substrates must be on the cnayme at the same time, they 
eannot be used to determine whether there is an obligatory 
order of addition or release of reaclants, or whether binding 
in random order occurs. Dead-end substrate and/or product 
inlnbition studies can be used lo distinguish between a randotti 
order and an obligatory order sequential mechanism (FVomm, 
1975). The limitation of the substrate analogue inhibition 
studies is that a nonsubstrate oon^etitive inhibitor of each 
substrate (i.c., of famesyl diphosphate and of Ras-CVLS) must 
be found, T>o nonhydrolyzable analogues of famesyl di- 
phosphate that cannot participato in the transferase reaction 
were synthesized (Chart I): (a-hydroxyfamesyl)pho5phonic 
acid (1, hydroxy phosphonic acid), a novel compound, and 
[[(famesybnethyl)hydroxypho8phinyljincthyllphosphoio^ acid 
(2, famesyl ?MP; McClard et aU 1987; BiUer et al, 1988). 
a known inhibitor of other famesyl diphosphate handling cn« 
zymat squalenc synthetase, and famesyl cEphoaphate lynthase. 
Both of these molecules were expected to be competitive in- 
hibitoTs of famesyl diphosphate binding. To find ncniubstratc 
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TMz U:' Inbibliiofl P^iuimaad Cwunti for Sabstrtlft Analogue and Produci Inbiblws of FPTw' 
" ^ " wjtK rrtpcct 10 FTP 

iftbibitor 



with mpctt to IU>CVL3 



hydroiy pbo$phoflixc (1) 
r«nic3yl PMP (2) 
CVLS-NHi 

Ao-L-pentoUaBune-VlM 
CV(x,.t)S 
. CIPM . 
fameayl-CVLS 



type of intimion 

coniprtitivo 
noBcoiApetitj^wc 
noneompetidve 
noseoDpetiiive 
BOfkCompetitWe 
competitive 
nenoonp^icivo 



type of iahiblticn 



Jt;OiM) 



0.0052 ± O.0007 
043 db 0.0S 
32±4 
d.3dkd.6 
B.l ± 0.5 
0.034 ± 0.OC4 
5 J ± 1 
1400 300 



Aa9\oo9np«titive 
Boneompetiuvc 
cottpetithre 
competiuNn 
competitive 
oompetitive 
conpcuAvc 
c ompetiti ve 



0.0047 ^ 0.0005 
1.3 dt 0,2 
11±2 
4.0 dt ) 
13*2 

0.0079 ± 0>QOQ7 
8.2 ±4 
I400db400' 



*The JC; value is derived from a wmKjwar least s^uaies fit of the initial velocity dtu to eitK«r « purely oompetiixvc or portly noneompeiliive 
inhibition model. fPP, fa/nc^ dipbosphalc; PP;. iiprganic pyropboaphate; Ac, ?tf>acetyl. 



Chart 1: Sttuaures of Femcayl Diphospbate Analogues 



^ 4" i' ^ ^ ^ <f i % 



OH 



OH OH 



mbiWiois of Ras-CVLS, icifapepiidcs were incubated with 
l^lfarnesyl diphosphate in the presence of FPTasc. ind the 
reactions were quenched and then resolved by thin-layer 
chromatography (Figure 3). In the control reaction (no 
peptide), only tinrcactcd starling material, famesyl di- 
phosphate! could be seen, indicating that the purified enzyme 
preparation does not catalyze the hydrolysis of famesyl di- 
phosphate. For the positive control reaction, known tetra- 
peptidc snbstratcs (Moores ct al., 1991; Reiss ct aL, 1991a) 
CVLS and CVIM were used and, as expected, showed ra- 
dioactive product spots with the predicted J^y^vahiea. A neg- 
ative control peptide having a Cys to Scr substitution was no; 
a substrate. Convenion of the carboxyl terminus to an amide 
(CVLS-NHj) abolished the ability of the parent compound 
CVLS to act as a substrate, b\it a change of the amino ter- 
minus to the ^^-acetyl derivative (Ac-CVLS) had no cffcct. 
Invorsirn of stereochemistry at a single center (CVli>-L]S) 
or substitution of Phe in the a^ position rendered the parent 
compound CVLS inactive as a substrate. Recently, Goldstein 
ct al (1991) have also identified nonsubstrate inhibilor tct- 
rapeplides of FPTase. 

The effecu of the two classes of inhibitors on the rates of 
the enzyme-caulyacd reaction were examined with respect to 
both their cognate and nonoognate substrates under nonsat- 
urating concentrations of the fixed substrate (Table 11). 
Reciprocal plou of initial velocities with respect to the con- 
centration A famesyl diphosphate in the presence of nonsat* 
urating levels of Rias-CVLS at different Tixed concentrations 
of 1 intersected ob the 1/t? axis, suggesting that 1 behaves as 
a competitive inhibitor with respect to faraesyl diphosphate. 
Reciprocal plots of initial velocities with respect to the con- 
centration of Ra»-CVLS in the presence of nonsaturating levels 
of farx^l diphosphate at different Gxed levels of 1 imersectod 
on the 1/ts] axis, indicating thai 1 is a noncompetitive inhibitor 
of Ras-C vis. Compound 2 showed the same competitive and 
nonoompctitive behavior against farnesyl diphosphate and 
lUs^CVLS, respoctivcly. The reciprocal plot pattern for the 
inhibition of the protein substrate mimic CV(d-L]S showed 
noncompetitive inhibition with respect to the noncognate 



Fomeeoi i 




Origin i 



nouxES: Tctrapeptide farncsylation. Tbcindicaledjpeptidefl.(lOO;, 
>*M) were incubaiod in the prcsenoe of pure bovine FPTaftc (1.2 nM) 
and f mesyl diphosphato (0,5 »*M) for 4 h at 30 The TLC ptela . 
was cluted with l-propanol/ water (7:3) and visualized by autoiBi 
diogf aphy aftw- fluorognphic enhancement Exposure time at -TtM 
"C was 48 h. FPP, ferncsyi diphosphate; FP, famesyl mc»n^)hwpbaW 

substrate fame$yl diphosphate and showed competitive iaj 
hibition with respect to the cognate substrate Raa-CVl^. Wj^ 
addition, at least three other notisubsuaic competitive inhiV.^ 
itors of Ras-CVLS, CVLS-NH^. Jv^-acetyl-i^penicniaming 
VIM, and CIFM, showed the same noncompetitive be" 
with respect to famesyl diphosphate. The ooDection of jatiotD] 
shown for the dead<ud substrate competitive inhibitors 5y 
conristcnt only with the random order sequcnual mechatuitf 
The inhibitor constants corresponding to the type of inhibitia 
observed for each inhibitor against each substrate arc giv«| 
in Table II 

To confirm the random order of substrate addition^ 
inhibitory effects of product or the reaction catalyted 
FPTase were next cjtamined. Produas should always sh' 
inhibition, since ihcy are certainly able to bind to the i 
Unfortunately, one of the natural products of the 
farnesyl'Ras-CVLS, cannot be readily prqwied by synthw 
or enaym&tic methods. Therefore, we synthe&ied a trun»^ 
(by 182 residues) form of the actual product, the itiodinj 
peptide famcayl-CVLS. Since the enzyme recognizes only J 
four C-tentninal amino acid residues of Ras^CVLS, ^e r 
soncd that famcsyl-CVLS would act as a product and ^ 
bind to the same ate as famesyl-Ras-CVLS. Morecv^i^ 
cause famesyVCVLS is made by synthetic chemical i 
its purity and quantity are easily ascertained. When ^ 
5yl-C VLS was cxanuned as an inhibitor of FPTase wiOi i 
to each substrate, it was found to be a competitive f \ 
with the same K\ values with respect to each substrate Cj 
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^erroTi Tabk This inhibition pattern it expected for the 
'' ndom order mechasiun when no ahortive ternary completes 
are formed (Froimn, 1975). This pattern is aho consistent 
^th famcsyVCVLS acting as a bisub&trtte anik^ue, blocking 
Ifttfess to both the isoprcnoid and protein binding sites. At 
^Udi foincsyl*CVLS conotatrations« we observed an inhibition 
^refltiero asainst famesyl diphosphate that more elosdy resem- 
^rf Tjcnoompctitivc behavior. When the other product of the 
c^ctioofinotgaaie pyrophoapihatc, was tested for inhibition 
^*of FPTasc, it was found to be nonoampetitive with respect to 
?TATtiesyl diphosphate and competitive with respect to Ras- 
' CVLS. At concentrations of inorganic pyrophosphate below 
^1 mM, however, HTasc aciivity was actually slightly stimu- 
' lated (up to roughly 2*fold). Squalene synthetase, another 
^fimcsyl diphosphate handling cnayme, showed the same 
\; fi0etplicable) stimulation-inWbition pattern in the presence 
Jcl increasing concentrations ofproduct inofganic pyro- 
t; phosphate (Poulter ct al^ 1989). The patterns and associated 
^eo&stants for product inhibition are summarized in Table EL 
rriiis scries of product inhibition patterns, on its own, is con* 
liUtent with a random order sequential mechanism and oor- 
Ireborates the results found with the dead-end substrate in- 
R^hibitors* 

[discussjon 

FPTasc catalyzes the transfer of a famesyl group from 
Ffomesyl diphosphate to the thiol of a specific C-ierxninal Cys 
btsidue of a protein substrate, forming a thioether bond and 
[displacing inorganic pyrophosphate in the process (Scheme 
This posltranslational modificatian is critical for the full 
jrtssioo of biolo^cal activity for many cellular polypeptides. 
Impart from the great interest of the enzyme itself, attention 
tss focused on FFTase recently because one of its lutural 
iibstraies, the protein Ras, is a key regulator of cellular 
leration and a potential factor in the development of 
an cancer. Since Ras must be farnesylated before it can 
rfonn its normal cellular tasks, inhibition of the etizymc- 
ated faroesyl transfer reaction minht be both a useful 
: of Ras funccion in vivo as well as an attractive approach 
riaticanoer therapy. The search for a potent, selective in- 
wiior of FTPTa3e led us first to consider the mechanism 
tmgh Which the enzyme-catalyzed reaction proceeds. 
{Toting mechanistic possibilities usins steady-state kinetics 
res a rdiable measure of initial rates of reaction. Several 
Tcrcnl arrays of FPTasc activity were evaluated for their 
' racy and reproducibility. Since none of the subsuates or 
nets of the reaction catalyzed by FPTasc possess a unique 
lomophore or fhiorophore, the oontinuous progress of the 
^on cannot be easily or directly monitored spcctropho- 
rically. WUle wc considered using a coupled assay that 
I the formation of inorganic pyrophosphate to the o*i- 
of NADH to NAD"*" through fructoso-6-phQSphato 
I aldolase, trbsephosphate isomerase, and d*g}ycero- 
sphatc dehydrogenase (O'Brien, 1976), the assay simply 
fcflot sensitive enough to detect turnover at low (17 

ate concentrations. The mmunoprecipiution assay we 
> in our Initial repon of FPTase activity was very sensitive 
Wber et al., 1990), but the response became nonlinear as 
Jtai^CVLS concentration was increased because the 
g[^s antibody was unable to immunoprecipitatc quanti- 
[*ly the product farncsyl-Ras-CVLS. Another possible 
w was to separate (by gel electrophoresis, spin-column 
Htration, or HPLC) and directly quaniiiatc substrate 
product. While this approach was generally accurate 
jpProducible, it proved to be too labof-inicnsivc to gaierate 
''^Bc number of data points needed for initial rate mea- 



surements. The filter bin^^ aasay reported by others (Rciis 
ct al., 1990) proved too cumbersome (four different quench 
and wash sctutioctt) and tesded to gjve high bocic^round signals 
in our hands. We developed a new filter binding assay 
amenable to automation; The assay we devised requira only 
two solutions: acidic ethanol to quench the reactions and 
cthanol to wash the filters. With a cell harvester and an 
automatic sdniJllation fluid dispenser, up to 300-400 assays 
per penon per day can be run, processing 24 filters at a time. 

Once the validity of the assay was established, wepr oceedgd 
with the steady-state mechanistic smdles of pure FPTase. For 
a iwo^ubstrate/two-product reaction like the one catalyzed 
by FPTase, there are only two possible kinetic mechanisms: 
sequential, in which a ternary oompicz is formed, or pmg-pong, 
which requires two distinct steps and usually involves a 
modified enzyme intermediate. Bnzymes that handle Csraesyl 
(fiphosphate can use' cither mechanism. Initial vetodty stuifies 
of the squalene synthetase reaction point to a ping-potig 
mechanism involving a famesyl-enzymc mtermediate (Bcytia 
ct al. 1973). On the other hand» famesyl diphosphate 
synthetase proceeds through an ordered sequential mechamm 
(lisktsvics et aL, 1979). When fTTase was considered, initial 
velodiy measurements as a function of either famesyl di- 
phosphate or Ras conceotration in the presence of a series of 
different fixed concentrations of the nonvaricd substrate re- 
sulted in reciprocal plots that showed an inuisccting pattern 
represenutive of a sequential mechanism (Rgurc 2). From 
these initial velocity data, the various sieady-sUtc kinetic 
parameters were determined (Tabic I). The intersection pomt 
in the reciprocal plot was on the l/[s] axis, suggesting that 
one substrate had no effect on the binding of the other. Henoe 
the values of the /!:« and the (a pure binding constant) were 
the same for each suteiratc The speot&dty constant, k^x/K^, 
was determined for several naturally occurring Ras-CaaX 
proteins (Table 1). The values of tcot ^^re roughly the same 
for all of the protein. variants tested, indicating that, for 
FPTase, specificity is determined predominantly by the sub- 
strate's binding affimty, and not by any discrimination in the 
catalytic step(s). Compared to a diffotoon-limited. cvohi- 
lionarily perfected enzyme like triosephosphatc isomeraae 
(i^i/J^M = 4 X 10« M"^ Putman et al, 1972), FPTase is 
a very slow enzyme (k«i/^M = 1.3 X 10^ M'* s"^). although 
it is similar to another Uanslferase which posttranslationally 
modifies a protein substrate, myristoyl CoAiprotein transferase 
(J^JCm » 1.3 X 10^ M-i r-; Rudnick ct al., 1990). We have 
considered the possibility that allosteric activators of FFTase 
activity might affect its activity in vivo. 

To determine whether the ternary complex is formed by 
successive ordered addition or by random .combination of the 
two substrates, dcad-«Jid competitive substrate and product 
inhibition studies were carried out. Dead-end inhibitors of 
substrates show distinctive patterns of inhibition with respect 
to the two substrates depending on whether the binding of 
substrates is random or ardcrei After identiJ^ying nonsubstrate 
competitive inhibitors of each substrate (Figure 3, Table ll)i 
the patterns of inhibition against the nocc^nate substrate were 
determined. The fomcsyl diphosphate analogue (1) and the 
protain-CaaX mimic (CVldL]S) were noncompetitive inhib- 
itors of Ras-CVLS and farnesyl diphosphate, respectively 
(Table II), The compctitive-noncompetitivc pttem shown 
for each xnhi^tor against the oognate and nonoognats substrate 
is representative of a random order sequential mechanism. 
These stiuiios were confirmed with at least one other famesyl 
diphosphate mimic and three other proton mimics (Table II). 
If the addition of substrate to the enzyme had been ordered, 
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one of ihe inhibition patienis would have bceai Mrtcompeiitivc 
instead of noncompetitive (Fromm, 1975)» 

The patterns of product inbiUtiofi in a two-suhstnite rcaiciion 
can also be diagnostic for the order of binding in a sequential 
mechanism. ArandonaoniermechamsmwiD^owoonipeutivt 
inhibition with both products against both substrates, aasuming 
no abortive ternary complexes arc fonned. If abortive* teniary 
complexes do result (which is common for two substrate 
systems)* then the expected pattern is competitive-%oncom- 
petitive with respect to the two substrates for each inhibitor. 
An ordered mechanism has a pattern of inhibition in whidi 
one product is a noncompetitive inhibitor of both substrates 
(the other product is a competitive and noncompetitive in- 
hibitor of the two substrates). The patterns observed for 
product inhibition of FPTasc arc consistent with the random 
order mechanism (Table II). Note that the farnesyl-CVLS 
poduct showed competitive inhibition with respect to both 
famesyl diphosphate and Ras-CVLS. This is expected for a 
product that spans the binding sites of the two substrates, since 
it can deny active site access (by steric hindrance) to either 
substrate. Binding studies have shown that farnesyl di- 
phosphate binds reversibly to free enzyme in the absence of 
Ras protein substrate (Rciss et al, 1991b). Moreover, Ras 
can be cross-Iihked to the enzynoe without famesyl diphosphate 
present (Rciss ct aL, 1991b), suggesting that Ras can bind to 
the enzyme without a farnesyl diphosphatc»induoed confor- 
mational change. Both of these observations are consistent 
with a random order sequential mechanism described in the 
current study. 

Given that FPTase proceeds through a ternary complex 
(Scheme 11), the simplest chermcal mechanism to propose is 
an Ss2 di:;yiflccment of inorganic pyrophosphate from Eamesyl 
diphosphate by the thiol of the protein substrate^s conserved 
Cjrs residue. AltematiTcly, like several of the cazymes of the 
isoprcnoid biosynthctlc pathway (Poultcr, 1990), the reaction 
might follow a more ^l*likc coune, with formation of a 
famesyl cation-pyrophosphate ion pair intermediate, foHowed 
by aUcylation of the Cys thiol by the fS^inesyl cation. Inhibition 
Studies with irifluorinated famesyl derivatives or ammonium 
analogues of the farnesyl cation pioneered by Poulter with 
squalene synthetase (Poulter ft Sattcawhitc, 1977; Poulter et 
aL, 1978, 1981) and famesyl diphosphate synthetase (Sandifer 
ct aL, 1982; Poulter et aL, 1989) mi«ht distinguish between 
these two mechanistic possibilities. PPTase requires two di- 
valent metals, Mg^ and Zn^ (Rwss et aL, 1990). The Mg^ 
probably activatea the diphosphate leaving group of farnesyl 
diphosphate. The Zn^ could be acting catalytically. also by 
activating the diphosphate leaving group, or structurally, 
perhafs by suWliiing the hetcrodjmeric form of the tnzyme. 

Thc most important finding of this work is that the rwciion 
catalyzed by bovine hrain FPTasc follows a random order 
»iuential reaction pathway (Scheme II). This conclusion is 
based on Bteady-state initial velocity, dead-end substrate, and 
product inhibitor studies. Knowledge of the mechanism should 
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help guide the search for rationally deagned inhibitors i 
FPTase. 
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Stoppcd'Flow Kinetic Analysis of the Bacterial Luciferase Reaction^ 
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ABSiKACr. The kinetics of the reaction catalyzed by bacicrial luciferase have been meaaured by stopped^flow 
specuophotometry at pH 7 and 25 •C. Luciferase catalyzes the formation of visible light, FMN, and a 
carboxylic add from FMNHj, Oj, and the concsponding aldehyde. The time courses for the formation 
P' and decay of the various intermediates have been followed by monitoring the absorbance changes at 380 
and 445 xm along with the cmiaaion of visible light using rt-decanal as the alkyl aldehyde. The synthesis 
.of the 4a-hydropcroxynavin intermediate (FMNOOH) was monitored at 380 mn after various oonocntrati<^ 
9^ cf hidferase, 0> and FMNH^ were mixed. The seoond-ortier rate constant fox the formation of FMNCX)H 
r from the Ittciferase-FMNHj complex was found to be 2,4 x I0« NT* s'K In the absence of n-dccanal this 
^complex -lecays to FMN and HjOj with a rate constant of O.IO s"^ The enzyme-FMNHa complex was 
^ found to isomerizc prior to reaction with oxygen. The production of visible light reaches a maxixnuai intmity 
^thin 1 s and then decays es^onentially over the next 10 s. The foramtion of FMN from the inteirncdiato 
pseudobase (FMNOH) was monitored at 445 nm. This step of the reaction mechanism was inMbited by 
high levels of /i-decanal which indicated that a dead-end ludfcrase-FMNOH-Klccanal could form. The 
titne courses for the these optical cbaAgcs have been incorporated into a comprehensive kinetic model. 
^Estimates for IS individual rate constants have been obtained for this model by numeric simulations of the 
[ various time counes. 



=nftl hicifetase is a flavin hydroxylase whid catalyzes 
, 6on of FMNH,, Oj, and an aliphatic aldehyde to jdeld 
£y»vlic add, FMN, and blue-grc«i light (\^ = 490 
' en^fme b a hetorodiiner consisting of homologous 
> a and /3, with molecular weights of 40 108 (Cohn 
i585) and 36 349 (Johnston ct al„ 1986), respectively, 
i Center resides primarily, if not exclusively, on the 
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a subunit: the role of the 0 subunit remains unclear, but it is 
required for the effident generaUon of light (Baldwin ft 
Ziegler, 1991). The enzyme is commonly assayed by moni- 
toring light emis&on following ugecdoA of FMNH, into a vial 
containing onzyme, an aliphatic aldehyde (e.gn is^decanal), 
and Oj dissolved in a buffered scihition (Hastings et aL, 1978). 
The light intensi^ rises to a nuudmum, whkh is prqnrtiooal 
to the amount of enzyme, and then decays cxponeafially with 
a rate constant characteristic of the enzyme and ihe alk;yl duin 
length of the aldehyde (Hastings et al., 1966). This format 
comprises a fiogle-turnover assay &ce free (excess) FMNHj 
b quicUy depleted by the nonenagrmatic autosddatioa pathway 



415 723 5468 



PAGE- 11 



